Combining the above results, 



f T V 



V^, 



pv, =p a y a 

Subsitution of the above results into Eq. (20.4) gives 



e = 1- 



fe) 



Y-Y 2 



-1 



v-i 



= 1 - — 

1.4 



( 5 . 002 ) f -~° 56 -1 
( 3 . 167 )- r 0,40 



where = 3.167, y = 1.4 have been used Substitution of r= 21.0 yields 

■‘a 

e = 0.708 = 70.8%. 

21 . 1 : wi lcid = 8.00 g and charge = -3.20 x 10 -9 C 



a) = 



-3.20x10^ C 
-1.6 x 10“ 19 C 



= 2.0x10“ 



b ) "tad = N a x 



8.00 g 

207 



= 2.33 x 10 and — — = 8.58 x 10 . 

"tad 



21 . 2 : current = 20,000 C/s and r = 100 //s = lO^ 4 s 

Q = It= 2.00 C 

^ ■ = 1.25 x 10 19 



1.60 x 10 C 



21 . 3 : The mass is primarily protons and neutrons of m = 1.67 x 10 27 kg, so: 

Hpmdn = 7 °'° k f 7 = 4.19x 10 18 

psildl1 1.67x10“^ kg 

About one-half are protons, so rc p = 2. 10 x 1 0 28 = rc c and the charge on the electrons is 
given by: Q = (1.60 x 1(T 19 C) x (2.10 x 10 28 ) = 3.35 x 10 9 C. 



21.4: Mass of gold= 17.7 g and the atomic weight of gold is 197 g/mol. So the number 
of atoms N a x mol = (6.02 x 10 a ) x ( J ^r I )= 5.41 x 10 2i . 
a) Kp = 79 x 5.41 xl0 2I = 4.27 xlO 14 




b) n e =n p = 4.27xl0 24 . 



21.5: 1.80 mol = 1.80 x 6.02x 10 23 H atoms = 1.08 x 10 24 electrons, 
charge = -1.08 xlO 24 x 1.60 xlO" 19 C = -1.73 xlO 5 C. 



21.6: First find the total charge on the spheres: 

F = — !— ^- => q = = J4^ 0 (4.57x 10“ 21 )(0.2) 2 = 1.43 x 10“ 1S C 

4 r * * 

And therefore, the total number of electrons required is 
n = qje = 1.43 x 10 -16 C/1.60xl0 -19 C = 890. 

21.7: a) Using Coulomb’s Law for equal charges, we find.: 

F = 0.220 N = r=> ? = J5.5xl0" 13 C 2 =7.42x1 0" 7 C. 

4jk 0 (0.150 m) 2 * * 

b) When one charge is four times the other, we have: 

F = 0.220 N = — ^ 7=>g = Jl.375xl0‘ 13 C 2 =3.71xl0" 7 C 

4^s 0 (0.150 m) 2 v 

So one charge is 3.71 x 1 0” 7 C, and the other is 1 .484 x 1 0” 5 C. 



21.8: a) The total number of electrons on each sphere equals the number of protons. 

,, , r 0.0250kg iri2 4 

n =n = 13 x N, x 2 = 7.25x10 . 

’ p 0.026982 kg/mol 

b) For a force of 1.00 x 10 4 N to act between the spheres, 



F = 1 0 4 N = — - — 

4 ks 0 r 



q = J4*gso (10 4 N) (0.08 m) 2 = 8.43 x 1 0" 4 C. 
=qje = 5.27 x 10 15 



c) ra' is 7.27 x 10 10 of the total number. 



21.9: The force of gravity must equal the electric force. 



mg 



i q 



4jk 0 r 



7 

r = 



1 



(1.60 xlO" 19 C) 2 



4^0 (9.11 xlO -31 kg) (9. 8 m/s) 



= 25.8 m =>r = 5.08 m. 




21,10: a) Rubbing the glass rod removes electrons from it, since it becomes positive. 
7.50 nC = (7.50x10^ C) (6.25x10* 3 electrons/C) = 4.69 x 1 0 10 electrons 

(4.69 x 10*° electrons) (9.11 x 10“ 31 kg/electron) = 4.27 x 10“ 20 kg. 

The rods mass decreases by 4.27 x 10 -20 kg. 

b) The number of electrons transferred is the same, but they are added to the mass of 
the 

plastic rod, which increases by 4.27 x 10“ 20 kg. 



21,11: Fi is in the 4- x - direction, so F l must be in the - jc - direction and q v is positive. 



Fi=F 2 , k 












q { = (0.0200/0.0400) 2 |^| = 0.750 nC 



21.12: a) 0.200 N-^- (0J50><10 



4k£ 0 r 



4ke 0 (0.30 m) 

=>? 2 = + 3.64x10^ C. 
b) F = 0.200 N, and is attractive. 



21,13: Since the charges are equal in sign the force is repulsive and of magnitude: 

p= kJ = (3.50x10- Cf =o mN 
r 2 4^ 0 (0.800 m) 2 



21.14: We only need the ^-components, and each charge contributes equally. 



F = ■ 



1 (2.0 x 10 -6 C) (4 x 1 0 -6 C) 



4jre n 



(0.500 m) 



sin a = 0.173 N (since sin a = 0.6). 



Therefore, the total force is IF = 0.35 N , downward. 



21,15: F 2 and ^ are both in the -^-direction. 

F 7 = lM^= 6.149 xio -5 N, Fj=£^!^= 1.124 xio -4 N 
F = F 2 4- = 1.8 x 1 0^ N, in the -direction. 



21.16: = P- 10 ’ Q (2.0x10^ C) = „ 10QN 

(0.60m) 2 




F Q[ is equal and opposite to F lQ (Ex. 21.4), so 

fe, l - -0. 23N 

fed -0.17 N 

Overall: 

F x = -0.23 N 

F y = 0.100 N + 0.17 N = 0.27 N 

The magnitude of the total force is ^(0.23 N) 2 4- (0.27 N) 2 = 0.35 N. The direction of 
the force, as measured from the +y axis is 

9= tan -1 = 40° 

0.27 



21.17: F 2 is in the -\-x -direction. 

F 2 = k^^- = 3.31 N , so F 2 = +3.37 N 

r l2 

F x = F 2x +F ix and F,= -7.00 N 

F ix =F i - F 2x = -7.00 N - 3.37 N = -10.37 N 



For F ^ to be negative, g 3 must be on the -x -ax is. 
I?i?3 



F 1 =*l 



so \x\ = t 






= 0.144 m, so x = -0.144 m 



21.18: The charge g 3 must be to the right of the origin; otherwise both q 2 and g 3 would 
exert forces in the + x direction. Calculating the magnitude of the two forces: 

1 gl?2 (9x10? N-mYc 2 )(3.00xl0~ 6 CXS.OOxlO -6 C) 

21 ~ 4tm 0 jj! ~ (0.200 m) 2 

= 3.375 N in the 4- x direction. 



^i = 



(9 x 1 0 9 N ■ m 3 /C 2 ) (3.00 x 10 -6 C) (8.00x10^ C) 



ni 



0.216 N-m 2 . 



in the - jc direction 



We need F 2l - F M = -7.00 N : 

„„„„ 0.216 N-m 2 

3.375 N- = 



= -7.00 N 





2 

fl3 



0.216 N-m 2 
3.375 N + 7.00 N 



= 0.0208 m 2 



r 13 = 0.144 m to the right of the origin 



21.19: F = F i F l and F = F 7 ■ F l since they are acting in the same direction at 
y = - 0.400 m so. 



F = 



1 

4jk 0 



(5.00 xl0~ 9 C) 



1.50 x IQ -9 C 
v (0.200 m) 2 



3.20 x IQ -9 c ] 
+ (0.400 m) 2 J 



2.59 x 10 6 N downward. 



21.20: F = + and F F { - F, since they are acting in opposite directions at 

x = 0 so, 



F = 



1 



4 



(6.00 x 10 -9 C) 



4.00x 10” 9 C 
v (0.200 m) 2 



5.00 x 10 -9 
(0.300 m) 2 , 



= 2.4x 10” 6 



N to the right 



21 . 21 : a) 




b) F x =0, F y = 2 

c) Atjc = 0, F y = - 



J sin gJ 2 f ?Q a 

4;re 0 ( a 2 -fjc 2 ) 4 se 0 (a 2 -fjc 2 ) 3,ra 

1 2qQ . . .. . 

in the + y direction. 

4 jes 0 a 2 



d) 








21.22: a) 




21.23: 




-i 2 -I 1 s v -| .c 

b) F = V2 %f= 1+ 242) at an angle of 45° below the 

4x£ 0 2 1} 4?re 0 1} v Axsq 2L 2 

positive jc-axis 



21.24: a) E = — — % * (3-00x10 C) _^2 N/C,down toward theparticle. 

Axe*, r 2 4 jk 0 (0.250 m) 2 



b) E = 12.00N/C = — \ => r = . 

4 k „ r 



1 (3.00 x 10” 9 C) 

■ks d (12.0 N/C) 



= 1.50 m. 




21.25: Let -be -direction be to the right. Find a x : 

v 0;t = +1.50xl0 3 m/s, = -1.50xl0 3 m/s, t = 2.65 x 10 -6 s, ^ = ? 

= v 0 _^ 4- gives ^ = -1.132x 10 9 m/s 2 
F* = ma y = —7.516 x 10 -18 N 

F is to the left (- x - direction), charge is positive, so E is to the left. 
E = Fjq = (7.516 x 10~ 18 N)/[(2) (1.602 x 10' 19 C)] = 23.5 N/C 



21.26: (a) x = \air 



lx 2(4.50 m) i 2 j 2 

; — ^- = 1. 00x10 m/s 

(3.00 x10 s s) 2 



a ^ 



E _ F_ ma _ (9TlxlO' M kg) (1.00 x 10 12 m/s 1 ) 



9 9 

= 5.69 N/C 



1.6x10' 



The force is up, so the electric field, must be downward since the electron is negative, 
(b) The electron’s acceleration is ~ 10 u g, so gravity must be negligibly small 
compared to the electrical force. 



21.27: a) \q\E= mg => \q\ = (° 00145 k g) ( 9 - 8 _ 2.19 x 10' 5 C, sign is negative. 



650 N/C 



b) qE = mg => E 



(1.67 x 10~ 27 kg) (9.S m/s 2 ) , in - 7xT ,„ 

= - — - = 1.02x10 N/C, upward. 

1.60 x 10“ 19 C 



21.28: a) 



b) 




9_ 

■2 

r 



1 (26 x 1.60 x 1Q~ 19 C) 

4 xs Q (6.00x1 O' 10 m) 2 



= 1.04x10“ N/C. 



-‘proton 



1 9 

4k£ 0 r 2 



1 (1.60 x IQ' 19 C) 

4x£ q (5.29x1 O' 11 m) 2 



5.15x10“ N/C. 



21.29: a) q = -55.0 x 10" 5 C, and F is downward with magnitude 
6.20x1 O' 9 N. Therefore, E = Fjq = 1.13 x 10^ N/C, upward 

b) If a copper nucleus is placed at that point, it feels an upward force of magnitude 
F = qE = (29) T. 6 x 10~ 19 C- 1.13x10^ N/C = 5.24 x 10' 22 N. 




21.30: a) The electric field of the Earth points toward the ground, so a NEGATIVE! 
charge will hover above the surface. 



mg = qE => q 



(60.0 kg) (9.8 m/s 2 ) _ 
150 N/C 



-3.92 C. 



b) F = — - — ^-r = — (3.92 C) = gg x i o 7 1ST. The magnitude of (he charge is 

' 4 r 4 (100.00 m) 2 5 5 



too great for practical use. 



21.31: a) Passing between the charged plates the electron feels a force upward, and just 
misses the top plate. The distance it travels in they-direction is 0.005 m. Time of flight 

= t= , , = 1.25 x ID -8 s and initial y-velocity is zero. Now, 

1.60 X 10* m /s 1 ' ■ 

y = v 0y t + ^cit 2 so 0.005 m = ^a(l. 25 xlO -3 s) 2 => a = 6.40x10° m/s 1 . Butalso 
a = ± = rt^ E = v±h Elf!) = 364 N/C. 

1.60 > 10 -]? C f 

b) Since the proton is more massive, it will accelerate less, and NOT hit the plates. 
To find the vertical displacement when it exits the plates, we use the kinematic equations 
again: 

y = - a e=- — { 1.25x10-* s) 2 = 2.73 x 10 -6 m 
2 2 m 

p 

c) As mention in b), the proton will not hit one of the plates because although the 
electric force felt by the proton is the same as the electron felt, a smaller acceleration 
results for the more massive proton. 

d) The acceleration produced by the electric force is much greater than g\ it is 
reasonable to ignore gravity. 



21.32: a) 



E i = 



<h 



4^o r i 



r J = 



(9 x 1 0 9 N-m 2 /C 2 ) (-5.00x10^ C) 



F - -±-L - 
— 2 — 



(0.0400 m) 2 
q 7 (9xl0 9 N-m 2 /C 2 ) (3.00x10^ C) 



= (-2.813 xlO 4 N/C)) 



(0.0300m) 2 + (0.0400 m) 2 



= 1.08 x 10 4 N/C 



The angle of E 2 , measured horn the jc-axis, is 180- tan ‘ fc )=126.9° Thus 

E 2 = (1 .080 x 1 0 4 N/C) ( / cos 126.9° + j sin 126.9°) 

= (-6.485 xlO 3 N/C) / + (8.64 x 10 3 N/C) j 



b) The resultant field is 




£, + £„ = (- 6.485 x 1 0 3 N/C) / 4- ( - 2.8 1 3 x 1 0 4 N/C + 8.64 x 10 3 N/C) j 
= ( - 6.48 5 x 10 3 N/C) i - (1.95 xlO 4 N/C) j 



21.33 : Let 4- x be to the right and 4- y be downward 

Use the horizontal motion to find the time when the electron emerges from the 
field: 

x — x 0 = 0. 0200 m, a x = 0, v 0x = 1 . 60 x 1 0 6 m / s , £ = ? 
x - x 0 = 4- \ a x t 2 gives t = 1 . 25 x 1 O -8 s 

v x = 1.60 x 10 6 m/s 

y — y% = 0.0050 m, = 0, t = 1.25 x 10 8 s, = ? 



L-yo = 



f v 0y + V y A 



t gives v = 8.00 x 10 5 m/s 



, = il v l+ v l = 1-79 x 1 0 6 m/s 



21 . 34 : a) E = -1 1 n/c/ + 14 n/c/, so E = J(-ll) 3 + (14) 2 =17.8 N/C. 

8 = tan -1 ( -14/1 1) = -51.8°, so 5 = 128° counterclockwise from the jc-axis 
b)F = F ? soF = (17.8 N/C) (2.5x10^ C) = 4.45xl0“ 8 N, i) at -52° (repulsive) 
ii) at + 1 28° (repulsive). 



21 . 35 : a) F g = m c g = (9. 1 1 x 1 0" 31 kg) (9.8 m/s 2 ) = 8.93 x 10 -30 N. F c = eE = 
(1.60x1 (T 19 C) (l.OOxlO 4 N/C) = 1.60x1 0" 15 N. Yes, ok to neglect F s 
because F c » F g . 

b) £ = 10 4 N/C=>F c = 1.6 x 10 -15 N = mg => m = 1.63 x Id -16 kg 

=> m = 1 .79 x 1 0 14 m e . 

c) No. The field is uniform. 



„ , 1 2 1 eE 2 „ 2(0.0160 m) (1.67 xlO -27 

21 . 36 : a) x = -at = r=>£ = — ^ 

2 lm p (1.60 xlO -19 C) (1.50x10' 

b) v= v 0 + «/ = — /= 2.13 xlO 4 m/s. 
m. 



-^ = 148 N/C. 
5 sf 




21.37: a) tan 1 




x „ - L , .Jn'] it „ 

— =F-t b) tan — = —,/' = 1 4- / 

2 {.2J 4 2 2 



c) tan 



26 1 - 

= 1.97 radians = 112. 9°,r = - 0.39/ -t 0.92y (Second. quadrant). 

-I- 1.10 J 



21.38: a) E = 614 N/C, F = qE = 9.82 x 1(T 17 N. 

b) F = e 2 l\n £ 0 (1.0 x 10 -10 ) 2 = 2.3 x 1CF 8 N. 

c) Part (b) » Part (a), so the electron hardly notices the electric field A person in 
the electric field should notice nothing if physiological effects are based solely on 
magnitude. 

21.39: a) Let+jc be east, 

E is west and q is negative, so F is east and the electron speeds up. 

F, =| q | E = (1 .602 X 1 0“ 19 C) (1 . 50 V /m) = 2.403 x 1 0“ 19 N 
^ = FJm = (2.403 x 10“ 19 N)/(9.109 x 10“ M kg) = 4- 2.638 x 10 11 m/s 2 
v 0y = 4- 4.50 x 10 5 m/s, a :r: = 4 2.638 x 10 11 m/s 2 , x - Xq = 0.375 m, v y = ? 
v 2 = v 2 ^ 4- 2a y (x - jc 0 ) gives v v = 6.33 x 10 5 m/s 

b) q > 0 so F is west and the proton slows down. 

F^=-\q\E = - (1.602 x 10“ 19 C) (1.50 V/m) = - 2.403 x 10" 19 N 
a x = Fjm = (- 2.403 x 1 0" 19 N)/ (1 .673 x 1 0 _27 kg) = - 1 .436 x 1 0 s mf s 2 
= 4 1.90 x 10 4 m/s, a y = - 1.436 x 10 s m/s 2 , x - x^ = 0.375 m, v x = ? 

V 2 , = v 2 o* 4 2 a y (x - Xq) gives = 1.59 x 10 4 m/s 



21 . 40 : Point charges q { (0.500 nC) and q 2 (8.00 nC) are separated by x = 1.20 m. The 
electric field is zero when E { = E 2 =>^- = ^ ^ => q 2 ?f = q { ([ .2 - r v ) 1 = 

q^ 1 ~ 2 q { (1.2)fj 4 1.2 2 q l => (q 2 - q { )r 1 2 -l- 2(1.2)^^ - fl.2) 2 ^ = 0 or 7. 5 rj 2 -hi. 2?q — 0.72 = 0 
= 4 0.24, - 0.4 q = 0.24 is the point between. 

21.41 : Two positive charges, q , are on the jc-axis a distance a from the origin, 
a) Halfway between them, E = 0. 




1 



X 



b) At any position x, E 



For graph, see below. 



[ g £ 



o 

1 


v (a -h jc) 2 (a — x) 2 J 


1 1 


f \ 

q i q 


4ks 0 1 


,^ ( £3 -h jc ) 2 (a — x) 2 j 


-1 


r q i ? 1 


4k£ 0 


v ( £3 -1- JC ) 2 (a — x) 2 J 



x 



x 



< a 



a 



a 




21.42: The point where the two fields cancel each other will have to be closer to the 
negative charge, because it is smaller. Also, it cant't be between the two, since the two 
fields would then act in the same direction. We could use Coulomb's law to calculate the 
actual values, but a simpler way is to note that the 8.00 nC charge is twice as large as the 
-4.00 nC Charge. The zero point will therefore have to be a factor of farther from the 
8.00 nC charge for the two fields to have equal magnitude. Calling x the distance from 
the — 4. 00 nC charge: 

1.20 -\-x = yflx 

x = 2.90 m 

21.43: a) Point charge q l (2.00 nC) is at the origin and q 2 ( -5.00 nC ) is at 
x = 0.800 m. 

i) At jc = 0. 200 m, E = - 1 gl 1 , + * 1 ^ 1 , = 575 N/ C right. 

(0.200 m) 2 (0.600 m) 2 

ii) At jc = 1 .20 m, £ = - 1 g2 1 _ + A|gl 1 - = 269 N/C left 

(0.400 m) 2 (1.20 m) 2 

iii) At jc = - 0.200 m, E = - 1 gl 1 - 4 - * lg2 4 = 405 N/C left. 

(0.200 m) 2 (1.00 m) 2 

b) F=-eE i) F = 1 .6 x 1 0” 19 C- 575 N/C = 9.2 x 1 O’ 17 N left, ii)F = 




1.6 x 10" 19 C ■ 269 N/C = 4.3 x 10‘ 17 N right, iii) F = 1.6 x 10" 19 ■ 405 = 6.48 x 10" 17 N right. 



21.44: A positive and negative charge, of equal magnitude q , are on the x-axis, a 
distance a from the origin. 

1 2f7 

a) Halfway between them, E = 7-, to the left. 

4 K8 Q a 



b) At any position x, E = 



with to the right. 



1 


f 

-q 


\ 

q 


4x£ 0 


v (a 4- xf 


(a — x ) 2 j 


1 


f -Q ^ 


? 1 


4jT£ 0 


^(a + x) 2 (a — x) 2 J 


1 


f -q q 1 


4t££ 0 ' 


4- x) 2 


(a — x) 2 ^ 



, | x | < a 



, x > a 



x < — a 




21.45: a) At the origin, E = 0. 

b) At x = 0.3 m, y = 0 : 



E = — — (6.00x 10 -9 C) 

4 X£ n 



(0.15 m) 1 (0.45 m) 1 



/ = 2667/ N/C. 



c) At x = 0.15 m, y = -0.4 m : 



E = — - — (6.00 x 1 0“ 9 C) 
4jm>, 



-1 : 1 0.3; 

\2 - 1 _ ' 



1 0.4 - 



(0.4 m) J (0.5m) J 0.5 (0.5 m) J 0.5 ' 



E = (129.6/ — 510.3y) N/C => E = 526.5 N/C and 8 = 75 T down from the jc-axis. 




0.2 



2(6.00 xlO" 9 C)- 



d) jc = 0, y = 0.2 m : E = 



0.25 



4jk,, 



(0.25 m) 2 



= 1 3S 2 _/ N /C 



21.46: Calculate in vector form the electric field for each charge, and add them. 



E_ = 



-1 (6.00 x 10 -9 C) ; 



4;;i, (0.6 m) 



/ = -150/ N/C 



E = 



-1 



4jm> 



(4.00 x 10~ 9 C) 



— 5- (0.6)/ + — T (0.8 )j 

( 1.00 m ) 2 ( 1.00 m ) 2 , 

28.8 



= 21.6/ + 28.8} N/C 



E = (128.4) 2 + (28. 8) 2 =131.6 N/C, at 0 = tan _1 — — U12.6 1 up from 



128.4 



-jcaxis. 



21.47: a) At the origin, E= 1 2(6 /°^ 10 r C) i = -4800/ N/C. 



4 KE 0 (0.1 5 my 



b) At jc = 0.3 m, y = 0 : 



E = 



1 



Ake, 



(6.0 x 10 _9 C) 



1 



1 



(0.15 m) 2 (0.45 m) 2 



/ = 2133/ N/C. 



c) At x = 0.15 m, y = -0.4 m : 



E = — 5-(6.0xl0" 9 C)| 

4 7€£ n 



0.3 : 

-1 4 - ■ 



1 0.4 : 



(0.4 m) 2 3 (0.5 m) 2 0.5 ' ' (0.5 m) 2 0.5 ‘ 



E = (-129.6/ - 164.5 j) N/C => E = 209 N/C and & = 232° clockwise from 



+ - axis. 



d) * = 0,y = 0.2 m : E = 0, E = — -2_ 2 ( 6 - 00x10 Q (g^) = _ 103? ; N y c 

' y y a /n tc ■ 



4 7i£ 0 (0.25 m) 



21 .48: For a long straight wire, E = 



2 



_ 1.5xlQ~ 10 C/m 
2^ (2.5 N/C) 



08 m. 



21.49: a) For a wire of length 2 a centered at the origin and lying along they-axis, the 
electric field is given by Eq. (21.10). 



j. 1 ^ : 

x^jx 2 j a 2 - 1-1 



b) For an infinite line of charge: 




2jleq x 

Graphs of electric field versus position for both are shown below. 





21.50: For a ring of charge, the electric field is given by Eq. (21.8). 
1 Qx 



a) E = 



4 7L£ 0 (x 4 - a )' 



2 , 3/-2 



/ so with 



0 = 0.125x10^ C, a = 0.025 m and jc = 0.4 m =>E = 1.0i N/C. 

b) F. =-F=-qE = -{- 2.50 x 10^ C) (7.0/ N /C) = 1.75 x 10 5 / N. 



21 .51 : For a uniformly charged disk, the electric field is given by Eq. (21.11 ): 

/' \ 



E = 



l£r, 



1 - 



1 



^R 2 fx 2 + 1 



The x -component of the electric field is shown below. 




21.52: The earth's electric field is 150 N/C, directly downward So, 
E = 150 = => a = 300£ 0 = 2.66 x 10“ 9 C/m 2 , and is negative. 



21.53: For an infinite plane sheet, E is constant and is given by E = directed 

2^o 

perpendicular to the surface. 



<7 = 2.5x10* 



cm 



-1.6x10“ 



4 00 cm ^ 
1 m 



= - 4 x 10“ 



m 




4x10" 9 -S- 

so E = — = 226 N / C directed toward the surface. 

2^ 0 

21.54: By superposition we can add the electric fields from two parallel sheets of charge. 

a) E = 0. 

b) E = 0. 

c) E = 2-^— = — , directed downward. 



21.55: 








+ c i 



21.56: The field appears like that of a point charge a long way from the disk and an 
infinite plane close to the disk's center. The field is symmetrical on the right and left (not 
shown). 

f \ y 



21.57: An infinite line of charge has a radial field in the plane through the wire, and 
constant in the plane of the wire, mirror-imaged about the wire: 




Cross section through the wire: 



Plane of the wire: 



A 




f 



Length of vector does not depend on angle. Length of vector gets shorter a i 

points further away from wire. 



21,58: a) Since field lines pass from positive charges and toward negative charges, we 
can deduce that the top charge is positive, middle is negative, and bottom is positive. 

b) The electric field is the smallest on the horizontal line through the middle charge, 
at two positions on either side where the field lines are least dense. Here the y- 
components of the field are cancelled between the positive charges and the negative 
charge cancels the jc-component of the field from the two positive charges. 



21 , 59 : a) p = qd => (4.5 x 10 -9 C)(0.0031 m) = 1.4 x 10 11 C- m, in the direction from 
and towards q . 2 . 

b) If E is at 36.9°, and the torque z = pE sin 0, then: 
r 7.2 x lCT 9 N - m 



E = - 



p sin^ (1.4 x 10" u C ■ m) sin 36.9° 



= 856.5 N/C. 



21 , 60 : a) d = pfq = (8.9 x 10“ 30 C- m)/(l,6 x 10“ 19 C) = 5.56 x 10 _ii m 
b) z mm =pE = (S.9 x 10“ 30 C - m)(6.0 xlO 5 N/C) = 5.34 x 10“ 24 N m. 
Maximum torque: 

Na 

G 



O 

Cl 




21.61: a) Changing the orientation of a dipole from parallel to perpendicular yields: 
AU = U f - U t = - O£cos90° - ^£cosO°) = + (5.0 x 10~ 3 ° C- m)(1.6x 10 6 N/C) = 

+ 8x1 0~ 24 J. 



b) 



-kT = 8 x ltT 24 J => T = 2 ( 8x10 ^ J ) — = 0.384 K. 

2 3(1.38 xl O’ 23 J/K) 



21.62: E^M = 






^(3.00 xio- 9 m) = 



6.17 x 10 Cm 
2ite 0 (3.0xl0" 9 m) 3 



= 4.11 



x 10 6 N/C. The electric force 

F = qE = (1.60 x 1(T 19 C)(4.1 1 x 10 s N/C) = 6.58 x 1(T 13 N and is toward the water 
molecule (negative ^-direction). 



21t ,. __l 1 _ (y + dlZ?-(y-df2? _ 2 yd 

(y-d/2f (y + d/ 2) 2 (y 2 -d 2 / 4) 2 ( y 2 -d 2 /4 ) 2 

E g 2>d _ qd y M _P 

y (y 2 ~ d 2 / 4 ) 2 2xe 0 (y 2 - d 2 / 4) 2 2 xs^y 2 ' 

b) This also gives the correct expression for E y since y appears in the full 
expression's denominator squared, so the signs carry through correctly. 



21.64: a) The magnitude of the field the due to each charge is 



E = - 



1 



f 



4 K£ 0 r 



1 



4 K£n [^(d j2f 4- x 2 ) ^ 

where d is the distance between the two charges. The x -components of the forces due to 
the two charges are equal and oppositely directed and so cancel each other. The two 
fields have equal y-components, so: 

/• i \ 



E = 2E , 



= 2q_ 

4 7E£ n 



1 



(d/2) 2 +x l 



sin# 



where 6 is the angle below the jc-axis for both fields. 

d/2 



sin# = 






■ 2 +* 2 



thus 



"^dipole 



2 q 


f 1 1 


, 

dj 2 


qd 


4^0 > 


U d!2f + x 2 ) 


{^d/2?+x 2 ) 


4 n£ 0 ((d /2) 2 4- x 2 ) 3 ^ 2 



The field is the - y directions. 




b) At large x , x 7 » (d j 2)\ so the relationship reduces to the approximations 



J dipoic 






21 . 65 : 




The dipoles attract. 



= 2K 



b) 




Opposite charges are closest so the dipoles attract. 



21.66: a) 



-o o ^o:> iz 



The torque is zero when p is aligned either in the same direction as E or in the 
opposite directions 

b) The stable orientation is when p is aligned in the same direction as E 

c) 




21 . 67 : 



y 

P| 

v. 






sin# = 1.50/2.00 so# = 48.6° 
Opposite charges attract and like charges repel. 

F = F F =0 




=^(5.00x10- 0(10,0x10- C ) = i i2 4 x103 n 

1 r 2 ( 0.0200 m) 2 

F ly = -^ sin <9 = -842.6 N 
F 7y = -842.6 N so F y = F ly + F 7y = -1680 N 
(in the direction from the 4- 5.00 - /^C charge toward the - 5.00 -pC charge), 
b) 




The y -components have zero moment arm and therefore zero torque. 
F lx and F 2y both produce clockwise torques. 

F iy = F { cos# - 743.1 N 
r = 2(i^ J(0. 0 1 5 0 m) = 22. 3 N ■ m, clockwise 



1 


cos Gi -f 


i 




4 tes 0 4 




4^ 0 


'll 



1 (5.00 nC)(6.00 nC) 4* 1 (5.00 nC)(6.00 nC) 3, 

13 _ 4m? 0 ((9.00 + 16.0) xl O’ 4 m)5 ! 4xs 0 ((9. 00 + 1 6. 0) x 1 0“ 4 m) 7 J 
=> F n = +(8.64 x 10" 5 N)/ ; + (6.48 x 1 0“ 5 N)j. 

Similarly for the force from the other charge: 

F a = = _± (^0nC)(6.00nC) ) = _ ^ } 

53 4xs rj 4 J 4 xe 0 (0.0300 m) 2 ‘ v " 

Therefore the two force components are: 

F r = 8.64 x 10” 5 N F y = 6.48 xlO -5 -12.0 xl0" 5 = -5.52 xl0" 5 N 

b) Thus, F = ^F 2 4- F^ = ^(B.64x 10“ 5 N) 2 4- (-5.52 x 10“ 5 N) 2 =1.03x10^ N, and 
the angle is 8 = aictan(F /F ) = 32.6, below thejc axis 



a .© : a) F= 1 gg 1 ge i i i 

q 4 7ie 0 (a- 1- jc ) 2 4tz£q (a — xf 4ji£ rj a 2 (1 4- jc j a) 2 (1 — j c/a) 2 J 



=» F L- -4-SS. 0 - 2 f . . . _ d + 2 4. .)) — L m - 4* ) - ■ 

4k£ 0 a a a 4;re 0 a \ a) 

the equation of a simple harmonic oscillator, so: 



be. But this is 




— j ^ 3 - kq ® . 

2 TivmTis^a 5 V mil 1 a 

b) If the charge was placed oil the y-axis there would be no restoring force if q and 
Qhad the same sign. It would move straight out from the origin along the y-axis, since 
the x-components of force would cancel. 




21.70: Examining the forces: 
So ^-=p = ^-But tan# 

ecu '? e 



ZF r = T sin # - F c = 0 and ZF^ = Fcos# 




— mg = 0. 



21.71: a) 



r 4 'k 7 




b) Using the same force analysis as in problem 21.70, we find: 
q = 4?i£ 0 d 7 mg tan 0 and 

d = 2 (1 ,2)sin25 q = ^4^ (2 ■ (1 . 2) ■ sin 25°) 5 tan 25°(0. 01 5 kg)(9. 8 0 m/ s 2 ) =>q = 
2.79 x 10 -6 C. 

c) From Problem 21.70, mg tan# = 

2in#- - - tan#- *** - ( 8 - 99 * 109 Nm V c X 2 - 79 * 10 * c ) 2 

2 L mg{2Lf sin 1 9 4(0.6m) 2 (0.015 kg)(9.8 m/s 2 )sin“ 2 9 

Therefore tan# = . Numerical solution of this transcendental equation leads to 

0 = 39.5°. 

21.72: a) Free body diagram as in 21.71. Each charge still feels equal and opposite 
electric forces. 

b) T = mg/cos20° = 0.0834 N so F e = T sin 20° = 0.0285 N = ^h.. (Note: 

r i 



tj = 2(0.500 m)sin20° = 0.342 m.) 




c) From part (b), q y q 2 =3.71x10 13 C 2 . 

d) The charges on the spheres are made equal by connecting them with a wire, but 

we still have F e = mg tan 9= 0.0453 N = ^ where Q = But the separation r 7 is 

known: r 2 = 2(0.500 m) sin 30° = 0.500 m Hence: Q = 12 t 2 ~ = -j4x£ 0 F e r 2 i 
= 1 . 1 2 x 1 0 -6 C. This equation, along with that from part (b), gives us two equations in 
^and q 2 .q t + q 2 =2.24 xl0“ 6 Cand q L q 2 = 3.70xl0“ 13 C 2 . By elimination, substitution 
and after solving the resulting quadratic equation, we find: q L = 2.06 x 10~ s Cand 
q 2 = 1.80xl0" 7 C. 



21.73: a) 0.100 mol NaCl => m Na = (0.100 mol)(22.99g/mol)= 2.30 g 

m cl = (0.100 mol)(35.45 g/mol) = 3.55 g 
Also the number of ions is (0.100 mol) A 7 . = 6.02xl0 22 so the charge is: 
q = (6.02 x 1 0 22 )(1 .60 x 1 O -19 C) = 9630 C. The force between two such charges is: 
1 q 2 1 (963 0) 2 



F = - 



4 jl£q r 



4jk 0 (0.0200 mf 



= 2.09 x 10 N. 



b) a = F/m = (2.09 x 10 21 N)/(3.55 x 10 -3 kg) = 5.89 x 10 23 m/s 2 . 

c) With such a large force between them, it does not seem reasonable to think the 
sodium and chlorine ions could be separated in this way. 



21.74: a) F 3 =4.0x 10" 6 N = ^5 l + 



kq 2 q^ 



= kq. 



(2.5 x 10 -9 C) 4.5 x 10" 9 C 



(-0.3 m) 



(+0.2 m) 



<h = 



4.0x1 0 -6 N 
(1262 N/C) 



= 3.2nC. 



b) The force acts on the middle charge to the right 

c) The force equals zero if the two forces from the other charges cancel. Because of 
the magnitude and size of the charges, this can only occur to the left of the negative 

kq . kq* 

charge Then: K, = F 0 « => = where x is the distance 

2 13 23 (0.300 -jc ) 2 (-0.200 - jc ) 2 



from the origin. Solving for x we find: x = -1.76 m. The other value of jc was between 
the two charges and is not allowed. 



21.75: a) 

4 4 7Z£ 0 1} 

two forces are equal and opposite. 



toward the lower the left charge. The other 





b) The upper left charge and lower right charge have equal magnitude forces at right 
angles to each other, resulting in a total force of twice the force of one, directed toward 
the lower left charge. So, all the forces sum to: 

^ + |] 




1 fg(3g)V2 | g(3g) } g 2 
4jt£ 0 , IS (\/2 L) 7 j 4 ji£ 0 I? 



21.76: a) E(p) = 



4 jzzA(y-af (y 4- af y 7 J 



-^-((1 - ajy) 7 4- (1 4- aj y) 7 - 2). Using the binomial expansion: 

y 



1 q ^ | La ^ 5 a 

4 y 2 \ y y 2 



. 2a 3a _ 1 6 qa 

— + ‘"-2 =- V 

j j J 4 ^o y 



Note that a point charge drops off like and a dipole like 

y y 



21.77: a) The field is all in the x -direction (the rest cancels). From the -\-q charges: 

F 1 q F 1 q x 1 qx 

4X£ Q a 2 + x 2 * 4}Z£ 0 a 7 +x 2 4xs 0 (a 2 + x 2 f n 

(Each 4- q contributes this). From the - 2q : 

C _ 1 _ 1 f 2 V X 2 S- 1 2? «- 2 t-r* I ir 3 /* n 

■S 2 ^ ^ / 2 . 2 \ 3/2 2 ^ 2 l X ^ ^ 

4 x 4j££ 0 ^(a 4- x ) ' x 4 ^£- q x 



b) 






1 3#a 2 



4jK n x l 2x 



J 4^£- n x 



for x » a.. 




Note that a point charge drops off like and a dipole like 

x x 



21 . 78 : a) 20.0 g carbon 



20-0 g 



= 1.67 mol carbon => 6(1.67) = 10.0 mol 



12.0 g/mol 

electrons q = (10. 0)AT a ( 1.60 xlO“ 19 C) = 0.963 x 10 6 C. This much charge is placed at 
the earth's poles (negative at north, positive at south), leading to a force: 

F = ^ g^ = J_ (0-963x10^ =513xl0?N 

4®So (2R clIth f 4 jk 0 (1.276xl0m) 

b) A positive charge at the equator of the same magnitude as above will feel a 
force in the souih-to-north direction, perpendicular to the earth's surface: 



F = 2- 



1 



sin 45° 



4^0 (^carlh) 

F = (0.963x 10-0- L44xltfN- 



'4 ks 0 V2 (1.276 xl0 7 m) 2 




21.79: a) With the mass of the book about 1.0 kg, most of which is protons and 
neutrons, we find: #protons = T(1.0 kg)/(1.67 x 10“ 27 kg) = 3.0 x 10 26 . Thus the charge 
difference present if the electron's charge was 99.999% of the proton's is 
Aq = (3. Ox 10 26 )(0.00001)(1 .6 x 1 O’ 19 C) = 480 C. 

b) F = k(A qf j r 1 = £(480 Cf j (5.0 m) 2 = 8.3 x 10° N - repulsive. The acceleration 

a = F/m = (8.3 x 10 13 N)/(l kg) = 8.3 x 10 13 m/s 2 . 

c) Thus even the slightest charge imbalance in matter would lead to explosive 
repulsion! 




q 



21 . 80 : (a) 



b-x 




1 q_ 1 q 

4 7t£ 0 (b — xf 4 7E£ 0 (b 4- x) 2 



F. (oil central charge) = 



4h£ 0 |_(& - x) (fr-hx) J 

q 2 (b 4- x) 2 - (b - x) 2 q 2 4bx 

4jiz 0 (b - x) 2 (b 4- x) 2 4?i£ 0 (b - x) 2 (b 4- x) 2 

For x « &, this expression becomes 
q 2 bx q 2 

F ct « TT = j x Direction is opposite to x. 

JL'hr Q b b 7 E£q b 

(b) FF = ma : — z ^- r x = m^f 

RBfp at 

i2 { ■ 2 \ 

ax q 

dt 2 mjzsJh 1 j 



a = J ~ l =2 *:/->/ = — J - . 

^ mx£ 0 b 2 k ^ m7i£ 0 b 

(c) q = e,b = 4.0xl0~ 10 m, wi = 1 2 amu = 1 2(1 .66 x 1 0 -27 kg) 

J_ J (1.6x 10~ 19 C) 2 

” 2k \ 12(1. 66x 10 -27 kg^S.SSxlO -12 C 2 /Nm 2 )(4.0 x 10“ 10 m) 3 



= 4.28 x 10 Hz 



21 . 81 : a) m = pV = p(4*r 3 ) = (8.9 x 10 3 kg/m 3 )(i?i:)(l-00x 10 -3 m) 3 = 

3.728 x 1(T 5 kg 

n = mjM = (3.728 x 10“ 5 kg)(63.546 x 10“ 3 kg / mol) = 5.867 x ltT* mol 
AT = nN x =3.5x10“ atoms 

(b) N e = (29)(3.5 x 10 20 ) = 1.015 x 10 22 electrons and protons 

= eN c - (0. 99900)etf c = (0. 1 00 x 1 0~ 2 )(1 . 602 x 1 0" 19 C)(l . 0 1 5 x 1 0 22 ) = 1 . 6 C 

F = k£ = k (1 - 6C)2 2 =2.3x10^ N 
r 2 (1.00 m) 2 

21 . 82 : First, the mass of the drop: 

m = pV = (1 000 kg/m 3 ) ^ 1 5-0x10 ‘ m ^ l = 1.41 x 1 0" 11 kg. 



Next, the time of flight: t = D(v = 0.02/20 = 0.00100 s and the acceleration : 

, 1 „ 2d 2(3.00 x 10^ m) , 2 

d = - at 2 =>a = — = — - — - = 600 m/s . 

2 t 2 (0.001s) 2 



So: 




:-F/ B ,- g£ / m ^ g -^/ £ -q- 41Xl0 '" k f 600m ^ ) - 

' ' 8.00 x 10 4 N/C 



21.83: F=eE 



F= 0 



^ eE 

= — = — ^. r . = U 



a) 



2eE 



v y =v 0 ) , + 2fl Ay = v 0 sin a 4- Ay 

2 ■ 2 
v m ain a 
\ j. - Q p 



max i~v p 

leE 

1 2 

b) A y = v 0y t + -a y t 



t = t ■ when Ay = 0 

ong s 



0 = - v c . sin a 4- — at- t p 
■ o 2 ^ oii s 



_ 2v n sina 

so*™. = 0,— 5 

one ~ 



N- 



k when 



or 



2 v 0 m p sin a 



eE 



d = Vo^odg = 



e£ 



cos a sin a 



c) 



k : 

\ L 1 


/ .c 

/ 


> 


h 



JV , (4xl0 5 m/sf(1.67xl0" 27 kg)sin 2 30° „ 

d) K-=~ .--■■■ = 0.42 m 



d = 



2(1.6 xl0~ 19 C)(500 N/C) 

2(4 x 1 0 5 m/ s) 2 (1 .67 x 1 0 27 kg) cos 3 0° sin 30 



(1.6x 10~ 19 C)(500 N/C) 
21.84: a) £ = 50N/C = 



= 2.89 m 



1 ?I 


4- 


1 q 2 


_ i r 




4- 


\ 

?2 


4ks 0 f] 2 


4jz;£ 0 r 2 2 


1 

t 

o 


.-I 2 








1.06 xlO -13 C. 






f 


-1 


2 

r 2 


4tz8qE — 






V. 


'I J 



= (1-2 m) 2 k^ 0 50.0 N/C - (4 0 ^ 10 ^ C) 



(0.6 m) 



= - 8 x 10 C. 



J 



b) £ = -50 N/C = 



1 ?1 




1 q 2 


i [ 


9 1 


+ 


4 

?! 


4®s 0 f; 2 


4 7i£ 0 r 2 




2 

. *1 


2 

K - J 



?; = 



O 

*n 

1 


\ 

? i 


l k 


2 

r i J 



? 2 = 0-2m) 2 



4/r.s,.. (—50.0) — 



(4.00 x 10 -9 C) 
(0.6 m) 2 



= - 24.0 x 10“ 9 C. 



21.85: £ = 12.0 N/C=-^ 6 - 0 y + ^ 12 ; 0n ? + ^ 



(3.00 m) 2 (8.00 m) 2 (5.00 m) 2 



q = 25.0 m 1 



^12 1.60xl0^C 1.20 x 10“ 8 C 

— + ■ 
k 



21,86: a) Oil the jc-axis: dE y = 



9.0 m 2 64.00 m 2 

1 <k 



= +7.31 x 10~ 8 C = +73.1 nC. 



4jie 0 (a A- r) 2 



i a 

=— f 



Qdx 



4 7i£ 0 J a{a A- r — jc ) 2 



l 


e 


4 


i 'i 


4?k 0 


a 




a A- r ^ 



And. E y = 0. 



b)If a A- r = x, then E = 



i Q i i 



4jz£ 0 a ^jc — a x j 



hQ, 



=> F = qE = 

fyQ 



i ?e 



4ju,£ 0 a 



1 1 



c) For jc » a, £ = ((1 - a / x) -1 - 1) = ™*^(1 + a/x + ■ ■ ■ - 1) « « 

ax ax x 

- — (Note that for x » a, r = x - a « x. ) Charge distribution looks like a point 



4 7L£ 0 r 



from far away. 



21.87:1) 

\ x + y ) 

-KQydy 

y 2 2 -.3/2 ■ Thus. 

a{ x A- y ) 1 



k Q d y 

y 2 . 2 \ 

a(x A - y ) 



with dE y 



kQc dy 

y 2 . 2 -.3/2 

a(x A- y ) 1 



and dE y = 



*3 

1 

1— L 

*s> 


f _ 1 Qx 1 a 1 e 


4te£ 0 a ■ 

E - - 1 fij 


{(x+y 2 ? /2 4ice o £ 
-i Q\ 


/ 2 . 2 U /2 2 

I (jc + J JC 

A l ) 


4jle 0 jc(jc 2 -1- a 2 ) 1 ^ 2 


■ V ' 4jt£ 0 fl J 


(jc 2 A- y 2 'f^ 2 4 jtc 0 fll 


y x (x 2 A- a 2 ) l/2 ^ 



b) F y = -qE y and F = -qE y where E x and E y are given in (a). 




~| — i ^ 1 qO „ „ 2 . 2 1 qO a 1 qQa 

c) For x»a,F = — (l-(l + a fx) — y = ^T- 

4 Jt£ 0 4jZ£ 0 OJG 2 jc 4jT£ 0 2 jc 

i ^ r n _1/2 ^ 

T , . 1 qO . a qO 

Looks dipole-like in y-direction F y = In-— « — 2 ■ 

4^ 0 JC ^ X ) 4tE£qX 

Looks point-like along x -direction 



21.88: a) From Eg. (22.9), E = — . " / 

4 ji £ 0 x^jx 2 4 - a 2 

=>£ = — ( -9.00x10^ C) =/ = (-1.29xltf N/C>\ 

4^o (2.5 x 10" 3 m)V(2.5 x 10" 3 m) 5 + (0.025 m) 2 

(b) The electric field is less than that at the same distance from an infinite line of 



charge (E = ^ — = — — = -1.30x 10 6 N/C). This is because in the 



4 7i£ 0 jc 4h£ 0 x2a 



approximation, the terms left off were negative. - 



Iji£q x\l 4 -V 



A, A, jc 

^"2^[ 27 + ''', = 



E oo - (Higher order terms). 

Line 

c) For a 1% difference, we need the next highest term in the expansion that was left 
off to be less than 0.01: 



— < 0.01 => jc < aJ 2(0.01) =0.025uu/2(0.01) => jc < 0.35 cm 



21.89: (a) From Eq. (22.9), E = — jM / 

4jre 0 X\ X -I - d 



(-9.0x1 O’ 9 C) 



=> E = ' - 1 = (-7858 N/C)/. 

4^o (0. 1 00 m)V(0. 1 00 m) 2 + (0. 025 m) 2 

b) The electric field is less than that at the same distance from a point charge (8100 

1 O ^ a 2 

N/ C). Since ^ 1 - + ■ ■ ■ = E ^ -(Higher order terms). 

4jK n X ZX I 



c) For a 1 % difference, we need the next highest term in the expansion that was left 



off to be less than 0.01: 




2 

« 0.01 => * « fl^l/(2( 0.01)) = 0.025 Vl/ 0.02 => jt « 0.177 m. 



21.90: (a) On the axis, 



1 - 


f Ri 2 


-1/2 


_ 4.00 pC/jr(0.025 m) 2 


1 - 


' (0.025 m) 2 | ’J 


-V? 




U ; 




2 Sq 




[(0.0020 m) 2 + J 





=> £ = 106 N/C, in the + jt-direction. 



b) The electric field is less than that of an infinite sheet = = 1 1 5 N / C. 

ts n 



c) Finite disk electric field can be expanded using the binomial theorem since the 



expansion terms are small: => 



2s, 



o L 



X X 
1 — + - 



R 2 R* 



So the difference between the 



infinite sheet and finite disk goes like — . Thus: 

R 

AE(x = 0.20 cm) « 0.2/2. 5 = 0.08 = 8% and A£(jc = 0.40 cm) 
w 0.4/2.5 = 0.16 = 16%. 



21.91: (a) As in 22.72: E = — 

2 S r , 





f R 2 /I 


-1/2 


1- 








(jc J 





4.00pC/jr(0.025 m) 2 



2s, 



1- 



(0.025 my 



V 1 ' 2 ' 



(0.200 m) 



+ 1 



= 0.89N/Cinthe + jc-directioa 



b) jc » S, E = — [1 - (1 - R 2 j 2x 2 ■+ 3 R 4 /Sx 4 -■■■)] 



2 s { 



a R 2 



gkR 2 



Q 



2 s 0 2x 2 4 ^ 0 jc 2 Aks^x 2 



c) The electric field of (a) is less than that of the point charge (0.90 N/C) since the 



correction term that was omitted was negative. 




/g 9 _ Q gg') 

d) From above x = 0.2 m— : — - = 0.01 = 1%. For x = 0.1 m 

0.89 



3.43 N/C 
^poiui = 3.6 N/C 



so 



(3.6-3.43) 

3.6 



= 0.047 m 5%. 



21.92: a) /(jc) = /(-jc) : j /( x)dx = f(x)dx + £ f(x)dx = £ f( r x)d(-x) + 

| 0 f(x)dx. Now replace- x with y : => |_^/( x)dx = £ f(y)d (y) 4- £ f(x)dx = 

2 J_ f (jc)oLk. 

*a *0 *a a 

b) g { *) = -g(-Jc) : J _ a gMdx = J ^ g(x)dx + J q g(x)dx = -J^ - g(-x)(-d (— jc)) + 

fa _ fa fa fa 

g(jc)£ic. Now replace - jc with 3 / : => J ^(jc)^ = - g(y)d ( 3 /) - 1 - g^jcjck = 0 . 

c) The integrand, in E y for Example 21.11 is odd, so E y = 0. 



21,93 : a) The ^-components of the electric field cancel, and the jc-components from both 
charges, as given in problem 21,87 is: 



E = 



1 






1 



4X£ 0 a [y (y 1 + a 2 ) 1 



, 1/1 



=>/" = 



1 -207 1 



1 



4j!£ 0 a [y (y + a ) 



2 V/I 



*■ 



If y» a, F « ■ 



1 



20 ? 



( 1— (1 — a 2 / 2 y 2 + •■■))/=- / ^ 



4te£ 0 ay 4jtc 0 y 

b) If the point charge is now on the jc-axis the two charged parts of the rods provide 
different forces, though still along the jc-axis (see problem 21 , 86 ). 






1 Qq 



4e£ 0 a 



1 



n* 



\x — a x 



1 and F_ = q E_ = 



1 Qq 1 1 



4k£ 0 a x x-V a) 



So, 



F = F^ + F_ = 1 1 + —}— 

4x£ 0 a \ x — a x jc -I - a j 



For jc » a, F pa ■ 



1 Qq 



47E£ 0 OX 



^ a a 1 
1 + — + - 5 --+... 1-24- 

JC JC 



/■ 


2 


\\ 


1- 






— -1- — — . 




1 


JC JC 


h 



1 2 Oqa ^ 

H =- ^f-i. 

4^£- 0 jc 




21.94: The electric field in the x-direction cancels the left and right halves of the 
semicircle. The r emain in g y-comp on ent points in the negative y-direct ion. The charge per 
unit length of the semicircle is: 



^ Q Jr ^ kkdl kXdG JT ^ . 

A, = — and dE = — — = but dE y = dE sin G 

7LQ Cl Cl 



So 



2kX . 2&X n 2 MX 

, £ = sin 8 dd = [-cos0]J' = = 

n ^0 /7 



Id^Cmd d8 

a 

2kQ . 

— ^ , downward 

7LCI 



21.95: By symmetry, E y = E y . For E y , compared to problem 21.94, the integral over the 
angle is halved but the charge density doubles— giving the same result. Thus, 

2kX 2kQ 



E =E =- 

x y 



21.96: 



= 0 => T cos a = mg => T = 



rag 
cos a 



Y^Fy = 0 => T sin a = =i> T = 



qa 



qa 



rag 

cos a 2s 0 sin a 

a = arc tan 



f ^ \ 
qa 



2 s r < 



tail a = 



2^ 0 sin a 



qa 



2s, -Mg 



2 £ 0 mg 




tti. iV 



21.97: a) 



b) 1429 



qE = 10 mg - 

1 mol 



C 12xl0~ 3 kg 



q lOg 10(9.8 m/s 5 ) 

6. 02 x 10 53 carbons 1.6 x 10 -13 C , , inl( 
. = 1.15x10 



carbons 



mol 



excess e 



excess e 




21,98: a) E =E .and E = 2 E, ... ■ . n = 2 

' x y i * lene.th of wus a , chare* Q 



Q 



Xyjx 2 +(fj 



where 



* = £=>£ = -^-,E =-^ Q 
2 " ' 



7E£n£Z 



7 ’ y 



7U£n CZ 



Q \A >L-G-q & 

b) If all edges of the square had equal charge, the electric fields would cancel by 
symmetry at the center of the square. 



21,99: a) 

1^1 |<7 a | + |ff a |_ 0.0200 C/m 2 0.0100 C/m 2 + 0.0200 C/m 2 



2,s, 2s,., 2'S 



2Sr, 



2s n 



2 S n 



E(P) = C/m = 5 65 x 1 0 s N/ C, in the - jc - direction. 

2f 0 

b) g(j)_ | I I | ^ | , | Qj | _ | 0 0200 C/m 2 0.0100 C/m 2 | 0.0200 C/m 2 



2£q 2<£q 2^ 0 



Is 2s 



2f n 



£(5) = =1.69x10? N/C, in the + jc - direction. 

2s, 

|oi| |ff 2 | |ff 3 |_ 0.0200 C/m 2 0.0100 C/m 2 0.0200 C/m 2 

* ^ * r% r% r% 



2s o 2s rj 2s, 



2s r, 



2s r, 



2s n 



E(S)= ft0500c / m = 2.82x 10 a N/C, in the + jc-direction. 

2s o 

jffij 0- 02 00 C/m 2 0.0100 C/m 2 0.0200 C/m 2 

\ i"^ 



?£■ 3? 2 s 

“o 



2i,, 



2.£,, 



2<£„ 



£(£) = ^/ m _ 5 65 xio 8 N/C, in the + jc-direction. 

2 s n 



21 . 100 : 



F on 1 _ <1 E A I 



r -\a 2 +|<7 3 2.00x 10~ 4 C/m 2 



F nn TT _ g £ „> TT _ I + l ff l I + I G 1 



^an in _ in _ 



2.£n 



-h (Ji 4- 



2£ 0 

4.00 x 10~ 4 C/m 2 

2.£t, 



2^0 



= +1.13 xlO 7 N/m. 



= +2.26 x 10 7 N/m 



2£ n 



_ - 6.00 xlO -4 C/m 2 _ 



2s r . 



-3.39x 10 7 N/m 



(Note that means toward the right, and is toward the left.) 



21 , 101 : 



By inspection the fields in the different regions are as shown below: 




\ 



n 



\v 



Only the last picture can result in an electric field in the -x-direction. 
b) q i = —2.00 juC, = 44.00, /iQ and^ 2 > 0. 

A Q 1 Ml 



c) E =0 = 



4 Tie^ (0.0400 m) 



-sin & [ 



4m 0 (0.0300 m) 2 



-sin#. 



9 sin 61 9 3/5 27 no _ _ 

=>9? =77 ft-r-T- = 77 9i777 = 779i =0 - 843 i wC - 
16 sm^ 16 4/5 64 



d) F s = ? 3 £, = ft ■ 



1 






9a 



4^10.0016 5 0.0009 5 



= 56.2 N 




The first diagram is the only one in which the electric field must point in the negative y- 
direction. 



b) q L = -3.00 juC, and q 2 < 0. 

c) 0- ** A-. 



^2 



12 



&?2 






(0.050 m) 13 (0.120 m) 13 (0.120 m)" (0.050 m)" 12 



E=E 12 , 5 _ (12 

* (0.050 m) 5 13 (0.120m) 5 13 (0.05 m) 5 1^13 



— 1 
12 , 



=>£=£„ =1.17xlO T N/C. 



21.105: a) For a rod in general of length £, £ = 






L + r 



and here r = x + - 



So, £, 



left iod 



kQ 


f 1 1 


_ 2*<2| 


f 1 1 1 


L 


^jc-l-fl/2 L-\-x-\-aj2j 


L 1 


v.2jc + a 2£ -l- 2jc -l- a / 



b) dF = dqE^>F = jEdq = j 

1 1 



L-te/7 EQ ^ 2£0 5 j-i+a/? 






Ja/2 



2jc 4- a 2L-\-2x-\- a 




=>F = 



^ | ([In ( fl + 2x)f^J 7 - [ln(2X + 2..X + a)^ 7 ) 



^F= k A -in 



a 4- 2Z 4- fl 



2a 



ZL 4- 2a 
4Z 4- 2a 






kQ l 



In 






c) For a»L\F = 



kQ l 



kQ l ( a^ + Lja) 



2 A 



2 (l + 2i/a) 



(a + Z) 
a(a 4- 2Z) 

ri 



1 

4 




'ii 2 1 } y 


^ [ a 2a j 




"2 

a a j j 



^-(2 In (1 + 2L/a) - ln(l 4- 2Z/a)) 



22.1: a) ® = F ■ A = (14 N/C) (0.250 m 2 ) cos 60° = 1.75 Nm 2 /C. 
b) As long as the sheet is flat, its shape does not matter, 
ci) The maximum flux occurs at an angle 0 = 0° between the normal and field, 
cii) The minimum flux occurs at an angle 0 = 90° between the normal and field. 

In part i), the paper is oriented to “capture” the most field lines whereas in ii) the 
area is oriented so that it “captures” no field lines. 



22 . 2 : a) = E A = EA cos Q where A = An 

/i„ =-)(left)*„ = -(4 x 1 0 3 N/C)(0.1 m) 2 cos (90 - 36.9°) = -24 N ■ m 2 /C 

A Sj = +k (top)®^ = -(4 x 10 3 N/C) (0. 1 m) 2 cos 90° = 0 

A Si =+j (right)® j =+(4xl 0 3 N/C) (0. 1 m) 2 cos (90° - 36.9°) = +24 N ■ m 2 /C 

A Si = -k (bottom)®^ = (4 x 1 0 3 N/C) (0. 1 m) 2 cos 90° = 0 

A Si = +/ (front)®^ = +(4xl0 3 N/C)(0.1m) 2 cos 36.9° = 32 N ■ m 2 /C 

h St = -/ (back)®^ = -(4 x 1 0 3 N/C)(0.1m) 2 cos36.9° = -32 N ■ m 2 /C 

b) The total flux through the cube must be zero; any flux entering the cube must also 
leave it. 



22.3: a) Given thatZ 1 = -Bi 4- Cj - D k, = E ■ A, edge length L, and 

j => = E ■ Ah ^ = -CX 2 . 

jS^ = -\-k => <l> 2 = E ■ Ah Sj = -DL 2 . 
h s . = 4 / => X 3 = E ■ An?. = 4 CL 2 . 

=-k => = E ■ Ah ^ = 4 DL 2 . 

jS Js = 4-1 => = E ■ Ah = -BL 2 . 

h^ = -i => 0 6 = E ■ Ah s * = +BL 2 . 




b) Total flux = <t> ; = 0 



22.4: $> = EA = (75. ON/C) (0.240 m 2 ) cos 70° = 6.16 Nm 5 /C. 

22.5: a) <b = E ■ A = (2j zrl~) = ^ = 2.71x 10 s Nm 2 /C. 

b) We would get the same flux as in (a) if the cylinder's radius was made larger — the 
field lines must still pass through the surface. 

c) If the length was increased to I = 0.800 m, the flux would increase by a factor of 

two: <t> = 5.42 x 10 5 Nm 2 /C. 

22.6: a) <t> S] = qje 0 = (4. 00 x 10 -9 C)/e 0 = 452 Nm 2 /C. 

b) <t> Sj = q 2 je 0 = (-7.80x 10^ C)/£ 0 = -SSI Nm 2 /C. 

c) = ( ?I + q 7 )/£„ = ((4.00 - 7.80) x 10" 9 C)/c, ; = -429 Nm 2 /C. 

d) ® Sl = (?i l <J 2 )Ao = ((4.00+ 2.40) x 10” 9 C)/ £o = 723 Nm 2 /C. 

e) ® Si = ( ?1 + q 2 + ft )/fc = ((4.00-7.80 + 2.40) x 1 CT 9 C )/ £o = -158 Nm 2 /C. 

f) All that matters for Gauss's law is the total amount of charge enclosed by the 
surface, not its distribution within the surface. 



22.7: a) <t> = q/e Q = (-3.60 x 10" 6 C)/s 0 = -4.07x 10 5 Nm 2 /C. 

b) <b = qjs 0 =>q = = <^o(780 Nm 2 /C) = 6.90 x 10 -9 C. 

c) No. All that matters is the total charge enclosed by the cube, not the details of 
where the charge is located 



22 . 8 : 

b) 



c) 



a) No charge enclosed so <t> = 0 




-6.00X10 -9 C 
8.85 xl0~ 12 C s /Nm s 



- 678 Nm 2 /C. 



^ (4.00- 6.00) x 10 -9 C 

8.85 xl0“ 12 C 2 /Nm 2 



-226 Nm 2 /C. 



22.9: a) Since E is uniform, the flux through a closed surface must be zero. That is: 

O .dA = j- = j-\ pdV = 0 => J pdV = 0. But because we can choose any volume we 
want, p must be zero if the integral equals zero. 




b) If there is no charge in a region of space, that does NOT mean that the electric field 
is uniform. Consider a closed volume close to, but not including, a point charge. The field 
diverges there, but there is no charge in that region. 



22.10: a) If p > 0 and uniform, then q inside any closed surface is greater than zero. 

=> > 0 => ^ dA > 0 and so the electric field cannot be uniform, i.e., since an 

arbitrary surface of our choice encloses a non- zero amount of charge, E must depend on 
position. 

b) However, inside a small bubble of zero density within the material with density p , 
the field CAN be uniform. All that is important is that there be zero flux through the 
surface of the bubble (since it encloses no charge). (See Exercise 22.61.) 



22.11: 4> 6adca = qj'e 0 = (9.60 xlO^ C)j.e 0 = 1.08 x10 s Nm 5 /C. But the box is 
symmetrical, so for one side, the flux is: <D laids = l.SOx 10 5 Nm 2 /C. 
b) No change. Charge enclosed is the same. 



22.12: Since the cube is empty, there is no net charge enclosed in it. The net flux, 
according to Gauss's law, must be zero. 



22.13: 

The flux through the sphere depends only on the charge within the sphere. 

Qnd = £o( 360 N-m 2 /C) = 3.19 nC 

22.14: a) E(r = 0.450 m + 0. 1 m) = — = 1 ( 2 ~ 50xl ° C ^ = 7.44N/C. 

4k£ q r 2 4tl£ 0 (0.550 m) 2 

b) E = 0 inside of a conductor or else free charges would move under the influence of 
forces, violating our electrostatic assumptions (i.e., that charges aren't moving). 



22.15: a) | E |= - 



1 \q\. 




q_ 


f 1 (0.180 x 10" 6 C) 


4k£ 0 r 2 




E 


~)j4x£ 0 614 N/C 



-1.62 m. 



b) As long as we are outside the sphere, the charge enclosed is constant and the sphere 
acts like a point charge. 



22.16: a = EA = q / s 0 ^ q = s 0 EA = £ 0 (1.40x10 s N/C) (0.0610 m 2 ) = 7.56 x 10" 8 C. 
b) Double the surface area: q = £ 0 (1.40x 10 5 N/C) (0.122 m 2 ) = 1.51 x 10“ 7 C. 




22 . 17 : E = ^j r ^q = 4xs 0 Er 2 = 4x £ 0 (11 50 N/C) (0.160m) 2 = 3.27x10^ C. So the 
number of electrons is: n e = ^ = 2.04 x 1 0 10 . 

22. IS: Draw a cylindrical Gaussian surface with the line of charge as its axis. The 
cylinder has radius 0.400 m and is 0.0200 m long. The electric field is then 840 N/C at 
every point on the cylindrical surface and directed perpendicular to the surface. Thus 
§E-ds = (E)(A^ d J = (E)(2xrL) 

= (840 N/C) (2k) (0.400 m) (0.0200 m) = 42.2 N ■ m^/C 
The field is parallel to the end caps of the cylinder, so for them -ds = 0. From 
Gauss's law: 

q = a 0 O s = (8.854 X 1 0“ 15 -^-y) (42.2^-^) 

N ■ m C 

= 3.74 x 10 _1 ° C 




a) At point a , E l and E 2 are in the 4- y -direction (toward negative charge, away from 
positive charge). 

E l = (1/2 jk 0 [(4.80 x 10“ 6 C/m) /(0.200 m)] = 4.314 x 10 5 N/C 
E 2 = (1/2 jk 0 [(2.40x1 0" 6 C/m) /(0.200 m)] = 2.157 x 10 5 N/C 
E = E l + E 2 = 6.47 x 1 0 5 N/C , in the y - direction. 

b) At point b,Ei is in the 4- y -direction and Ei is in the - y -direction. 

E l = (1/2 JCS 0 [(4.80 xl0“ 6 C/m) /(0.600 m)] = 1.438 x 10 5 N/C 
E 2 = (1/2 [(2.80 x 10” 6 C/m) /(0.200 m)] = 2.157 x 10 5 N/C 
E = E 2 - E l = 7.2 x 10 4 N/C, in the - y -direction. 



22.20: a) For points outside a uniform spherical charge distribution, all the charge can be 
considered to be concentrated at the center of the sphere. The field outside the sphere is 
thus inversely proportional to the square of the distance from the center. In this case: 

0.200 cm V 
. 0.600 cm i; 

b) For points outside a long cylindrically symmetrical charge distribution, the field is 
identical to that of a long line of charge: 




E = (480 N/C) 



E = - 



2 7E£ Q r 



that is, inversely proportional to the distance from the axis of the cylinder. In this case 



E = ( 4S0N/C) 



^0.200 cm^ 



= 160 N/C 



0.600 cm 

c) The field of an infinite sheet of charge is E = a! 2£ 0 ; i.e., it is independent of the 
distance from the sheet. Thus in this case E = 480 N/C. 



22.21: Outside each sphere the electric field is the same as if all the charge of the sphere 
were at its center, and the point where we are to calculate E is outside both spheres. 



E i and E 2 are both toward the sphere with negative charge. 



-M- 



E, = k 



E 2 = k \_M=k 



1.80x10^ C 
' (0.250 m> 
3.80 xlO" 6 c 



(0.250 m) 



2 = 2.591 xlO 5 N/C 

'I 

2 = 5.471 xlO 5 N/C 



E = E l + E 2 = 8.06xl0 5 N/C, toward the negatively charged sphere. 




22.22: For points outside the sphere, the field is identical to that of a point charge of the 
same total magnitude located at the center of the sphere. The total charge is given by 
charge density x volume: 

q = (7.50 nC/m 3 )(^-;r)( 0.150 m) 3 = 1.60 x 10" 1() C 

a) The field just outside the sphere is 

E _ q _ (9x 10 9 N- m 2 /C 2 ) (1.06 x 10~ 1Q C) ^ ^ 

(0.150 m) 2 ' 1 



b) At a distance of 0.300 m from the center (double the sphere's radius) the field will 
be 1/4 as strong: 10.6 N/C 

c) Inside the sphere, only the charge inside the radius in question affects the field. In 
this case, since the radius is half the sphere's radius, 1/8 of the total charge contributes to 
the field: 



(9x10* N- m 2 / C 2 ) (1/8) (1.06xl0“ i0 C) 
" (0.075 m) 2 



= 21.2 N/C 



22.23: The point is inside the sphere, so E = kQrl R l (Example 22.9) 

Egl=( 950 N/C) (0.220 m)> 
kr £(0.100 m) 



22.24: a) Positive charge is attracted to the inner surface of the conductor by the charge 
in the cavity. Its magnitude is the same as the cavity charge: £ umsr = 4- 6.00 nC, since 

E = 0 inside a conductor. 

b) On the outer surface the charge is a combination of the net charge on the conductor 
and the charge “left behind'' when the 4 6.00 nC moved to the inner surface: 

fftot = ffrnncr + => Pouter = « = 5-00 aC - 6.00 nC = - 1.00 JlC. 



22.25: S 7 and S 3 enclose no charge, so the flux is zero, and electric field outside the 
plates is zero. For between the plates, S i shows that: EA = qjs 0 - a A/s 0 => E = afs 0 . 



22.26: a) At a distance of 0. 1 mm from the center, the sheet appears “infinite,'' so: 

£ 7.5 OxlO^C 



jEdA = E2A = ^-=>E = 



= 66 2 N/C. 



s 0 2 £ 0 A 2£ 0 (0.800 m) 

b) At a distance of 100 m from the center, the sheet looks like a point, so: 




1 (7.50 x 10” 9 C) 



4jt £ . r 2 4^.5,- (100 m) 2 



= 6.75 xlO -3 N/C. 



c) There would be no difference if the sheet was a conductor. The charge would 
automatically spread out evenly over both faces, giving it half the charge density on any 
as the insulator (g near one face. Unlike a conductor, the insulator is the 

v f c £ 0 2 e 0 ■ 



charge density in some sense. Thus one shouldn't think of the charge as “spreading over 
each face” for an insulator. Far away, they both look like points with the same charge. 



22.27: a) 
b) 



e _ q 



2 kRL 



Q 



EdA = EQ.nrL) = — = 



— = g2teR = X. 
L 

g2jiRL 



E = 



gR 



-G c 0 fCr 0 

c) But from (a), X = tj2 xR, so E = ^77, same as an infinite line of charge. 



22.28: All the g * s are absolute values. 

(a) at + ^ + 

E A =Tr _ ( t 7 I +ff 3 +t 7 4 - £ 5 r l) 



(b) 



(C) 



2s, 



2s, 



— (5 p C/m 2 + 2/i C/m 2 + 4 pCf m 2 -6/i C/m 2 ) 



= 2.82 xlO 5 N/C to the left 



f' ^ l ^4 ^2 1 * 

E r = — -I- — -I- — = (g, -f Gn 4- G d - G. 7 ) 

Z£-q 2z 0 2z 0 2z 0 2z 0 

= — (6 jwC/m 2 4- 2 fi C/m 2 4- 4 /i C/'m 2 -5 jwC/m 2 ) 
2a, 



= 3.95 x 10 5 N/C to the left. 






•(r; 2 --) 3 -->., -'>i) 



= — (5 jwC/m 2 + 2 jwC/m 2 -4 jwC/m 2 - 6 jwC/m 2 ) 

2f 0 

= 1.69xl0 5 N/C to the left 



22.29: a) Gauss's law says -\-Q on inner surface, so E = 0 inside metal, 
b) The outside surface of the sphere is grounded, so no excess charge. 




c) Consider a Gaussian sphere with the -Q charge at its center and radius less than 
the inner radius of the metal. This sphere encloses net charge —Q so there is an electric 
field flux through it; there is electric field in the cavity. 

d) In an electrostatic situation E = 0 inside a conductor. A Gaussian sphere with 
the - Q charge at its center and radius greater than the outer radius of the metal encloses 
zero net charge (the - Q charge and the 4 - Q on the inner surface of the metal) so there is 
no flux through it and E = 0 outside the metal. 

e) No, E = 0 there. Yes, the charge has been shielded by the grounded 
conductor. There is nothing like positive and negative mass (the gravity force is always 
attractive), so this cannot be done for gravity. 



22.30: Given E = (-5.00 (N/C) ■ m)j d 4 - (3.00 (N/C) ■ m)zi, edge length 
L = 0.300 m, L = 0.300 m, and ft s =-j=>O l =E- ft.^A = 0. 
n Si = + k=><£> 7 =E- n s A = (3.00 (N/C) ■ m)(0.300 m) 2 z = (0.27 (N/C)m)z = 

(0.27 (N/C)m)(0.300 m) = 0.081 (N/C) m ! . 
jSj =+j => = E ■ .A = 0. 

A Si = -k => ® 4 = E ■ n s A = -(0.27 (N/C) - m)z = 0 (z = 0). 
n Si = +i => $ 5 = E ■ n Si A = (-5.00 (N/C) ■ m)(0.300 m) 2 * = -(0.45 (N/C) ■ m)x 
= - (0.45 (N/C) ■ m)(0.300 m) = - (0. 1 35 (N/C) ■ m 2 ). 
h Ss = — i => = E • n s ^A = + (0.45 (N/C) ■ m)uc = 0 (jc = 0). 

b) Total flux: 

4> = <t>2 + <t> 5 = (0.08 1 - 0.1 35) (N/C) -m 2 = -0.054 Nm 2 /C 
? = £ 0 <D =^1.78 x1 0“°C 



22.31: a) 




b) Imagine a charge q at the center of a cube of edge length 2L. Then: <£> = qfs 0 . 
Here the square is one 24th of the surface area of the imaginary cube, so it intercepts 1/24 
of the flux. That is, 4> = qj 24^ . 




22 . 32 : a) <!>= EA = (125 N/C)(6.0m 2 ) = 750 N-mVC. 

b) Since the field is parallel to the surface, 0 = 0. 

c) Choose the Gaussian surface to equal the volume's surface. Then: 750 - 

EA=qja% => E = (2.40 x 10~® C/^ 4- 750) = 577 N/C, in the positive ^-direction. 

Since q < 0 we must have some net flux flowing in so EA ->- 1 EA | on second face. 

d) q < 0 but we have E pointing away horn face I. This is due to an external field 
that does not affect the flux but affects the value of E. 



22.33: To find the charge enclosed, we need the flux through the parallelepiped: 

<D X = ^ cos 60° = (0.0500 m)(0.0600 m)(2.50 x 10 4 N/C) cos 60° = 37.5 N- m 2 /C 
= AE 2 cos 120° = (0.0500 m)(0.0600 m)(7.00 x 1 0 4 N/C) cos 60° = - 1 05 N ■ m 2 /C 
So the total flux is <t> = <t>, 4- <t> 5 = (37.5 -105) N- m'/C = -67.5 N ■ m7C,and 
q = d>£ 0 = (-67.5 N-ni 2 /C)£ 0 = -5.97 x 10~‘° C. 

b) There must be a net charge (negative) in the parallelepiped since there is a net 
flux flowing into the surface. Also, there must be an external field or all lines would point 
toward the slab. 



22 . 34 : 



Line 

+ I 
+ 




+ 

+ 

+ 



The a particle feels no force where the net electric field is zero. The fields can 
cancel only in regions A and B. 



^iiyse ^ sheet 



G 

2a r , 



2 7is 0 r 



r = Xjxa = - 



50 /jC/m 



;r(100 /^C/m ) 
The fields cancel 1 6 cm from the line in regions A and B. 



= 0.16m = 1 Gem 



22 . 35 : 





The electric field E L of the sheet of charge is toward the sheet, so the electric field 
E 2 of the sphere must be away from the sheet. This is true above the center of the sphere. 
Let r be the distance above the center of the sphere for the point where the electric field is 
zero. 



E [ = E 7 so 




i gr 

4 Jia 0 



2 2je( 8.00 x IQ -9 C/m 2 )(0.120 m ) 3 
Q 7 ~ 0.900 xlO“ 9 C 



0.097 m 



22.36: a) For r <a,E = 0, since no charge is enclosed. 

For a <r <b,E = since there is inside a radius r. 

For b < r < c, E = 0, since now the -q cancels the inner -\-q. 

For r > c, E = since again the total charge enclosed is +q. 



b) 




b c r 



c) Charge on inner shell surface is -q. 

d) Charge on outer shell surface is + 5 . 

e) 





22.37: a) r < R, E = 0, since no charge is enclosed. 

b) R < r <2 R, E = 4 ^— r, since charge enclosed is 0. r > 2 R, E = , since 

charge enclosed is 2 0. 




R 



_I_ 

:\r 



22.38: a) r < a, E = since the charge enclosed is 0. 

a < r <b,E = 0, since the -0 on the inner surface of the shell cancels the +0at the 
center of the sphere. 

r > b, E = - 4 ^-^r , since the total enclosed charge is -20. 

b) The surface charge density on inner surface: a = 

c) The surface charge density on the outer surface: a = — 

4?zb 

d) 




e) 




22.39: a)(i) r < a, E = 0, since Q = 0 

(ii) a <r <b,E = 0, since Q = 0. 

(iii) b <r <c, E = , since Q = + 2q. 




(iv) c < r < d, E = 0, since Q = 0. 

(v) r >d,E = , since Q = 4- 6g. 




b)(i) small shell inner: Q = 0 

(ii) small shell outer: Q = 4- 2q 

(iii) large shell inner: Q = -2q 

(iv) large shell outer: Q = 4- 6q 

22.40: a)(i) r < a, E = 0, since the charge enclosed is zero. 

(ii) a < r < b,E = 0, since the charge enclosed is zero. 

(iii) b < r < c,E = , since charge enclosed is 4- 2 q. 

(iv) c<r<^,£’ = 0, since the net charge enclosed is zero. 

(v) r > d, E = 0, since the net charge enclosed is zero. 




b 



b)(i) small shell inner: Q = 0 

(ii) small shell outer: Q = 4- 2q 

(iii) large shell inner: Q = - 2q 

(iv) large shell outer: 0=0 

22.41: a)(i) r < a, E = 0, since charge enclosed is zero. 

(ii) a < r < 6, E = 0, since charge enclosed is zero. 

(iii) b < r < c, E = , since charge enclosed is 4- 2 q. 

(iv) c < r < d , E = 0, since charge enclosed is zero. 




(v) r > d, E = - 4 ^-^f , since charge enclosed is - 2 q. 



!■: a 




a 



h 




b)(i) small shell inner: Q = 0 

(ii) small shell outer: Q = 4- 2q 

(iii) large shell inner: Q = - 2q 

(iv) large shell outer: Q = - 2q 



22.42: a) We need: 



- e= 



=>P = ~ 



36 

3 r ~ 3 ' 28^ 3 

b) r < E = 0 and r > 2 R, E = 0, since the net charges are zero. 

£ 0 4 3^ 0 r 



5 < r < 2R, <t> = E(4xr 2 ) = ®_ + - 5 3 ) => £ = 



3f 0 

Substituting p from (a) E = ^-^—^- r . 



O' 3 -* 3 ). 



c) We see a discontinuity in going from the conducting sphere to the insulator 
due to the thin surface charge of the conducting sphere — but we see a smooth transition 
from the uniform insulator to the outside. 




22.43 : a) Tbe sphere acts as a point charge on an external charge, so: 

F = qE= radially inward. 

(b) If the point charge was inside the sphere (where there is no electric field) it 
would feel zero force. 





22.45: a) a < r <b, E = , radially outward, as in 22.48 (b). 

4ks^ r 

b) r>c,E = 4 ^- V’ really outward, since again the charge enclosed is the 
same as in part (a). 

c) 





d) The inner and outer surfaces of the outer cylinder must have the same amount 
of charge on them: 11 = => \ Bnci = -X, and X outer = X 

22.46: a) (i) r < a, E(2xrl) = ^- = — =>E = 

io s o 2^ 0 r 

(ii) a < r < b, there is no net charge enclosed, so the electric field is zero. 

(iii) r>b,E{2Krl) = ^- = — =>£ = —. 




b) (i) Inner charge per unit length is - a. (ii) Outer charge per length is 4 - 2a. 

22.47: a) (i) r < a, E(2jirl) = j- = => E = radially outward 

(ii) a < r < &, there is not net charge enclosed, so the electric field is zero. 

(iii) r > &, there is no net charge enclosed, so the electric field is zero. 







b) (i) Inner charge per unit length is - a. 




(ii) Outer charge per length is ZERO. 



22.48: a) 

b) 

c) 

d) 



r <R, E{7xri) = j- = -^4 => E = radially outward. 
r>R,Mdl=pxR\E(2xrt) = j : = ^^E = £ = ^ = ^. 

r = R. the electric field for BOTH regions is E = so they are consistent. 




22.49: a) The conductor has the surface charge density on BOTH sides, so it has twice 
the enclosed charge and twice the electric field. 

b) We have a conductor with surface charge density a on both sides. Thus the 
electric field outside the plate is $> = E(2A) = (2 aA)/s Q => E = a [-£ q . To find the field 

inside the conductor use a Gaussian surface that has one face inside the conductor, and 
one outside. 

Then: 



© = E 0 ^A f E^A = (c iA)ja 0 but E 0 . ul = a/s 0 =^> E m A = 0=> E 1U = 0. 



22.50: a) If the nucleus is a uniform positively charged sphere, it is only at its very 
center where forces on a charge would balance or cancel 



b) to = { E ■ dA EAto- 2 =— A;- =>E= — . 

" £ 0 £ 0 J 4 7t£ 0 R 3 



==> F = qE = — 



-i 2 

1 e r 



4tl£ 0 R 

So from the simple harmonic motion equation: 



p ,2 1 e r 

t = —mco r = — r : 

4x£ 0 R i 



CO = . 



1 



1 



' Aks q mR~ 



=>/ = ^ 



1 



2 k V 4 7€E n mR i 




C) If / = 4 . 57 x 10 14 Hz = — . 

2?r 



1 2 
1 e 

4tl£ 0 mR 3 



R = 



1 (1.60xl0~ 19 C) 2 

4^7 4;r 2 (9.11xl0 -31 keV4.57x 






= 3.13 x 10 -10 



^ actual I ^ Thompson 

d) If r > R then the electron would still oscillate but not undergo simple 
harmonic motion, because for r > R, Foe 1 j r 2 , and is not linear. 



22.51: The electrons are separated by a distance 2 d, and the amount of the positive 
nucleus's charge that is within radius d is all that exerts a force on the electron. So: 

F e =-^=F nu ^ = 2kc^^d i = R i iS^d = R12, 

(Id) 

22.52: a) Q(r) = Q- fpdV = Q--^ ( [ sin&dd d<j> = Q-^% fjcV 2:f ' fl ° dx 

J 713q j j j a Q Jo 

^Q(r) = Q- ^T (2e af -ar 2 -2ar- 2) = Qe- 2,i °°[2(ria !i f + 2 (Wa 0 ) + l]. 

■h a 

Note if r oo, g(r) 0. 

b) The electric field is radially outward, and has magnitude: 

^E = ^ (2(r/a 0 f + 2(r/t%) + 1). 

r 




22.53: a) At f= 2R, F = q e E = = 



j cg2)q.6xiQ- ]S c) J 
4 ("7 .1 x 10 -]S m ) 7 
,3-2 „ j 2 



4jc n 



So: a = Fjm = 94 N/9. 1 1 x 1 0 -M kg = 1.0xl0 32 m/s 2 . 



= 94 N. 




b) At r = R, a = 4 a (a) = 4. 1 x 10 32 m/s 2 . 

c) At r = Rj 2, Q = j(82e) (| because the charge enclosed goes like r 3 ) so with the 

radius decreasing by 2, the acceleration from the change in radius goes up by (2) 2 = 4, 
but the charge decreased by 8, so a = = 2.1 x 10 32 m/s 2 . 

d) At r = 0, Q = 0, so F = 0. 



22.54: a) The electric field of the slab must be zero by symmetry. There is no preferred 
direction in the y -z plane, so the electric field can only point in the x -direction. But at 
the origin in the x -direction, neither the positive nor negative directions should be 
singled out as special, and so the field must be zero. 

b) Use a Gaussian surface that has one face of area A on in the y -z plane at 
x = 0, and the other face at a general value x. Then: 



x < d : <£> = EA = 



Qem 




px 






with direction given by ^i. 

Note that E is zero at x = 0. 

Now outside the slab, the enclosed charge is constant with jc : 

G=nd _ pAd 



x>d\4> = EA = 






again with direction given by 



22.55: a) Again, E is zero at x = 0, by symmetry arguments. 



b) x<d:0 = EA 



o 



, = JTA = = P^ f A -»' 2 dx'- 

p V A 2 i 

x>d \<&= EA = ^± 



3s 0 d 



, Pr,X . X ; 

= — - — T , in 1 direction. 

3 £ 0 d 2 | X | 



Qcm.l _ Pp^ 






,2 E = in -^—i direction. 



J jc' 2 dx' = 









22.56: a) We could place two charges +Q on either side of the charge -\-q : 



b) In order for the charge to be stable, the electric field in a neighborhood around it 
must always point back to the equilibrium position. 

c) If q is moved to infinity and we require there to be an electric field always 
pointing in to the region where q had been, we could draw a small Gaussian surface 




there. We would find that we need a negative flux into the surface. That is, there has to be 
a negative charge in that region. However, there is none, and so we cannot get such a 
stable equilibrium. 

d) For a negative charge to be in stable equilibrium, we need the electric field to 
always point away from the charge position. The argument in (c) carries through again, 
this time inferring that a positive charge must be in the space where the negative charge 
was if stable equilibrium is to be attained 



R R R 

22.57 : a) The total charge: q = 4,t J p 0 (1 — r i R)r 2 dr = I.tJ r 2 dr — J r 3 ! Rdr] 

0 0 0 



q = 4 m [R 3 /3 - *74] 



3 / _ 4jt* 3 p 0 _ 4a* 3 3 Q _ 



12 



12 kR2 



Or 



b) r >R, all the charge O is enclosed, and: <t> = *(4ar ) = Q l £ 0 
the same as a point charge. 



T7 _ 1 Q 



c) r < *, then Q(r) = q( r 3 /* 3 ). 

Also, Q(r) = 4k j p 0 (1 - r/R)r 2 dr =4ap 0 ( ^ ) 

12 kQ f lr 3 l7 

l_ r 2 ^3 * 3 _ 4 * 4 



E{r)- 



kQ 

2 



f 3 r 4 > r 

—r— —j- = kQ—r\ 4 — 3— 

Ri r a * R i I R 



d) 



1.4 

1.(4 

^ ft.S 
3 

^ m 

ft.4 

0.2 





















f 

/ 

7 

i 




\ 

\ ; 


\ 

,:V .. 








; 

? " 
/ 

/ 

i 

> ■ ■ 
f 








X 

\ 


\ 

\ 


3 













■ 1.51 

r/H 



r)F 

e) — = 0 (r<R). 
or 



— = 0 => r = — *. So E = --^(4- 2) = 

->4 max sy IOflK sy jy2 ■ } TJ 2 



* J 



* 4 



3 * 4 



3* 4 



22.58: a) 



Q = 4a: J p(r)r 2 dr = 4 xp 0 J 1 1 - I r 2 dr = 4ap 0 J r 2 dr - J* r’dr 



3R 



4 rs 



35 Jo 




=4np 0 



^Q = o 



b) 



R^_J_ R^_ 

T~Is'T 




E ■ dA = 2=sL = o => E = 0 



c) r<R,§ E -dA= — £ p(r’y’ 2 dr’ => £ W = ^5. £ r' 1 ^' - — £ r' 3 ^' 



4^d 0 



'0 L 



3R 



d) 



=>£ 







f r 3 r 4 " 


= ^r 


i-4 


1 

m 

m 

i 


3s 0 


R 




e) 



_ Q — ^ = Q ^ 

^ ji-m ,~y ri TTliRTE 

or i£ 0 i£ 0 A 



e( r — 


_ Po R 


ri-ii 


{ 2 ) 


1 3 £q 2 


2 



_ 5 
" 2 

12^b 



22.59: a) ■ dA = -Gm j ^ 

b) For any closed surface, mass OUTSIDE the surface contributes zero to the flux 
passing through the surface. Thus the formula above holds for any situation where m is 
the mass enclosed by the Gaussian surface. 

Thai is: = | g ■ dA = - 4n;GM arl 



22.60: a) <4> g = g47ir 2 = -4 ; iGM => g = — 



GM 



, which is the same as for a point mass. 



b) Inside a hollow shell, the 4/ cnci = 0, so g = 0. 

c) Inside a uniform spherical mass: 



<& = g4jur 1 = - 47iGM cnc[ = — 4 tlG 



3 A 



M- 



R? 



g 



GMr 

R~ 



V 




which is linear in r. 



22.61 : a) For a sphere NOT at the coordinate origin: 

r =v -b => d> = 4 k / 2 E = => £ = 

in the r f - direction. 



- nir-h^i 




b) The electric field inside a hole in a charged insulating sphere is: 

pr p(r - b) _ pb 
3s n 3 Sn 



-^hols sphere 



Note that E is uniform. 



22.62: Using the technique of 22.61, we first find the field of a cylinder off-axis, then the 
electric field in a hole in a cylinder is the difference between two electric fields — that of a 
solid cylinder on-axis, and one off-axis. 

?’ = ?-b^><S> = 2 k /1 E = = f-l K / 2 =$ E = ^^>E= ~ ^ 



2.£„ 



2s n 



~ = ir— —r, — = 7T-- Note diat ^ is uniform. 



22.63 : a) jc = 0 : no field, contribution from the sphere centered at the origin, and the 
other sphere produces a point-like field: 



E( x = 0) = - 



1 

4 KS 0 (2 Rf 



-t = — 



1 






4 ii£ 0 4 R 



b) x = &! 2 : the sphere at the origin provides the field of a point charge of charge 
q=Q l 8 since only one-eighth of the charge's volume is included So: 



E (jc = R l 2 ) = 



1 



AjlSr, 



{QM Q. 

(Rjlf (3 R / 2f 



t = - 



j__e 

4 K£ 0 R 2 



( 1/2 - 4 / 9 )i = 



1 



&4. 






c) jc = R : the two electric fields cancel, so E = 0 . 

d) x = 3R\ now both spheres contribute fields pointing to the right: 




E(x = 3R) = 



1 



4jL(. r , 



Q 



(3R) 2 + R 2 

22.64: (See Problem 22.63 with Q ->-Q for terms associated with right sphere) 



: 1 lOg : 

1 ~ 4 tts 0 9R 7 1 ' 



a) £ (jc = 0) = + ^— 



M r , R) 1 

b) £ jc = — = 

2 ) 4 7L£ { 



4 ks 0 4 R 

( 6 / 8 ) 



6 



c) 



d) E(x = 3R) = - 



(R I 2) 2 (3 R / 2'f 

1 



E(x = R) = 



4 K£, 



o L 



-f 

R 2 R 2 





i 


e 


_L 


4g] 




4 JEE 0 


2 5 2 




95 2 


el 




e 


. J 





i = 



J_ ne : 

4tm 0 18 R 2 



2 ji£ 0 R 2 



1 


e 


fi" 


r 1 

Y 


' e 


fi" 


; -1 

Y 


8fi 


4jtc 0 


_(35) 2 


5 2 _ 


I 

4^o 


95 2 


5 2 


I 

4^o 


95 2 



22.65: a) The charge enclosed: 

„ _ _ . _ 4x(R/2f ajiR 3 

e = fi + a,wherefi = a- - 

= 8our 



3 6 

^R^R 1 / 8) (5 4 — 5 4 /l 6)^1 _ 1 laxR 



, and Q) = 4;r(2a) J (4 — r 3 / 5)tir 



V 



45 



e= 



15gw5 

24 



Sfi 

5^5' 



b) r < 5/2 : <& = 54w 2 = 



2 a4;rr 



3s 0 



E = 



24 



ctr 



SQr 



5/2<r<5:<5 = EAnr 2 = ^- + — 



3^-q 15;zeqa 

r r (r i —R y /S) (r 4 — 5 4 /l6)'' ^ 



Scut 



V 



4iS 






=>E = 



ojlR 



(64(r/5) 3 - 48(r/5) 4 - 1) = -^(64(r/5) 3 - 48(r/5) 4 - 1). 



24.£ 0 (4 7tr ) 



15 



r>R:E = - 



6 



4ffi£- 0 r‘ 



since all charge is enclosed. 



c) 

d) r<R/2:F = -eE = 



a_(4e/15 J = A = 0 . 267 . 



e 

8 eQ 



Q 



15 



-r, so the restoring force depends upon displacement to 



the first power, and we have simple harmonic motion 

k 



e) F = -kr,k = -^zr,a = 



15jk 0 5 j 



8 eQ tT= *L =2x 
Y 15 x£ 0 R*m e co \ 



1 StlSqR m e 



SeQ 




f) If the amplitude of oscillation is greater than Ri 2, the force is no longer linear in 
r, and is thus no longer simple harmonic. 



22.66: a) Charge enclosed: 

Q = Q< + Qo where Q = 4 x £ 



s/2 3 ctr 3 6xa 1 J2 4 3 , 

dr = = — Kali . 

2 R R 4 16 32 



and Q, = 4na. J ^ (1 — ( rjR ) 2 )r 2 dr = 4 koR 3 



1_ 

24 ~~ 160 



31 A 47 



120 



koR~ 



Therefore, Q = 



3 | 47 ^ 
32 120, 



koR: 1 = koE I 3 



480 



480(2 
233 kR 



3 ' 



b) r < R/2 : <t> = E4xr 2 = — f — — dr’ = 

£ h jp 



3ar~ 

~2R 



3 liar ^ 6ar 

E = - 

2 £ 0 R 



180(7r 2 



1 6s 0 R 233 xe 0 R* 



R/2 < r < R : ® = E4nr 2 =@L + — (1 - (r‘ l R) 2 )r’ 2 dr’ 



O 4-ji.a 
— — h 



f » 3 



0 *0 
r 5 R 3 
3 24 5R 2 + 160 



R i 



3 4KaR i 
128 £ n 



4iiaR i 



=> E = ■ 



,3 U 

480(7 



233jre 0 r 



5 Iff 



17 

480 



\ 



5 Iff 



23 

1920 



Q 

r> R:E = -r , since all charge is enclosed. 

4 K£ 0 r 

c) The fraction of O between R/2 < r < R : 

a = 4L480 = 08()7 
Q 120 233 

d) E(r = Ri 2) = 233 ? - using either of the electric field expressions above, 

evaluated at r = Ri 2. 

e) The force an electron would feel never is proportional to - r which is necessary for 
simple harmonic oscillations. It is oscillatory since the force is always attractive, but it 
has the wrong power of r to be simple harmonic. 




23.1: AU = kqfa 

U ii 

=> IF = - AU = - 0.357 J. 



= ^(2.40jwC)(-4.30/iC) 



1 



1 



0.354m 0.150m 



= 0.3 5 7J 



23.2: W = - 1 .9 x 1 0 -8 J = - AU = U i — U f => U f = 1.9x 1 0" 3 J + 5.4 x 1 0" 3 J = 
7.3xlO" 8 J 



23.3: a) 

E. = K. + U. = 1(0.0015 kg)(22.0 m/s) 5 + 1Q-C)(7.50x IQ^C) = j 

1 1 J 2 0.800 m 



&,=&,= —mv f H 



v / = 



2(0.608 J - 0.491 J) 
0.0015 kg 



= 1 2.5 m/s . 



b) At the closest point, the velocity is zero: 



0.608 J = 



r _ t(2.80xl0 HS CX7.80xl0 H5 C) _ 0323m 
0.608 J 



23.4: U = - 0.400 J = 



kq.q, -H2.30xl0^C)(7.20xl0^C) „ 

=> r = = 0.373 m 

r - 0.400 J 



23.5: a) ^ ^ ^(4-60x1 0^0 (1.20 x IQ^C) ^ Q199 j 



0.250 m 



b) (i)K f = K t +U t -U f 



= 0 J 4- &(4.60x 10" 6 C) (1.20x 1 0^ C) 



1 



1 



0.25 m 0.5 m 



= 0.0994 J 



=> K, =0.0994 J = -mv 2 



(ii) = 0.189 J, V/ =36.7m/s. 

(iii) = 0.198 J, v f = 31.6 m/ 5. 



2(0.0994 J) = 
2.80xl0" 4 kg 



23.6: 17 = —^ — = 6k q 7 =6H1.2x 10^ C) 2 =0.078 J. 

0.500m 0.500 m 




23.7: a) 



U = k 






V 4-2 



'13 



= * 



'23 / 



(4.00 nC)(-3.00 nC) (4.00 nC)(2.00 nC) * 



(0.200 m) 



(0.100m) 

(-3.00 nC)(2.00 nC) 

(0.100 m) 



= -3.60x1 0“ 7 J. 



b) If U = 0, 0 = k 



_J_ ? 1?3 _J_ ? 2?3 



V f 12 



f 12 



. So solving for x we find: 



0 = - 60 + 

x 0. 2 — x 



60x - 26x 4- 1.6 = 0 => x = 0.074 m, 0.360 m. Therefore 



x = 0.074 m since it is the only value between the two charges. 



23.8: From Example 23.1 , the initial energy E i can be calculated: 

E, = K. + U t = ^(9.11 xl0 _il kg)(3.00xl0 6 m/s) 2 

Jfc( - 1 . 60 x 1 0" 19 C)(3 . 20 x 1 0" 19 C) 

+ 10“ 10 m 

=>E,=- 5.09x1 0~ 19 J. 

When velocity equals zero, all energy is electric potential energy, so: 

7 2 

- 5.09 x 10~ 19 J = -£=- => r = 9.06 x 1 0 -10 m. 



23.9: Since the work done is zero, the sum of the work to bring in the two equal charges 

q must equal the work done in bringing in charge Q. 






d 



2 kqQ 



Q = - 



2 



23.10: The work is the potential energy of the combination. 



U = U„ 






ke(2e) ke( — e) k( — e)(2e) 

5r/2xlO _10 m 5xl0“ 10 m 5xlO _10 m 

_ ke 1 f 2 
~ 5 x 10 _10 m [72 
_ (9.0 xlO 9 Nm 2 /C 2 ) (1.6xlQ- 19 C) 2 f 2 ' 

5xlO” 10 m \tJ2 j 

= - 7.31 x 10 -19 J 




S ince U is negative, we want do + 7. 3 1 x 1 0 19 J to separate the particles 



23.11: Kl+U^Kz + Ui; K { = U 2 = 0 so K 7 = U { 



U,= 



4 JK n 



1 2 2^1 
— + — + — 
{r r r) 

■18 



1 ^ f 

e -, with r = 8.00 xlO“ i0 m 



4;r£ 0 r 



^ = 1 .44 x 1 0 J = 9. 00 eV 



1 1 

23.12: Get closest distance y. Energy conservation:— mv 1 = — 

2 2 y 

y = HL = (9> 10* Nm 2 /C ; )(1.6x IQ— 9 C , 3g x , m 

mv 2 

Maximum force: 



(1.67 xlO -27 kg)(lCf m/s) 



F = 



ke 



(9x 10 9 Nm 2 /C 2 ) (1.6x1 0~ 19 C) 2 



(1.38 x 10~ 13 m) 2 



= 0.012 N 



23.13: K A +U A =K B + U a 

U = qV > *oK A +qV A =K B +qV B 

K 3 = K A + q(V A -v 3 ) = 0.00250 J h- ( — 5.00 x 1 0“ 6 C) (200 V - 800 V) = 0.00550 J 
v s = ^2 K 3 jm = 7.42 m/s 

It is faster at B; a negative charge gains speed when it moves to higher potential. 

23.14: Taking the origin at the center of the square, the symmetry means that the 
potential is the same at the two corners not occupied by the +5.00 piC charges (The 
work done in moving to either corner from infinity is the same). But this also means that 
no net work is done is moving from one corner to the other. 



23.15: E points from high potential to low potential, so V B > V A and V c <V A . 

The force on a positive test charge is east, so no work is done on it by the electric 
force when it moves due south (the force and displacement are perpendicular); V D =V A . 



23.16: a) W = — AU = qEd = AK = 1.50 x 10” 6 J. 

b) The initial point was at a higher potential than the latter since any positive charge, 
when free to move, will move from greater to lesser potential. 




AV = AU/g = (1.50x 10 -6 J)/(4.20 nC) = 357 V. 

c) qEd = 1.50 X 10" 6 J => E = — 1 ' 50xl ° J — = 5.95 x 10 3 N/C. 

(4.20nC)(0.06m) 1 



23.17: a) Work done is zero since the motion is along an equipotential, perpendicular to 
the electric field 



f V 

b) W = qEd = (2%$nC) 4.00 x 10 4 — 1(0.670 m) = 7.5 x 10~ 4 J 
l m' 



c) W = qEd = (28.0 nC)[ 4.00 x 10 4 — |( - 2.60 cos 45°) = - 2.06 x 1 0~ 3 J 
l m 



23.18: Initial energy equals final energy: 



E i= E s 



keq, keq keq, keq~ 1 2 

= 4 - —my , 






r if 



r 7/ 2 






E t = £( - 1.60 x 10~ 19 C) 



(3.00 x 10^ C) (2.00 x 10^ C) A 



0.25 m 



0.25 m 



= - 2.88 x 10 -17 J 



E f = k( - 1.60 x 10 C) 



_ i9 _ (3.00 x 10“* C) (2.00 x 10“* C 



J 

-9 /-1 \ 



0.10 m 



0.40 m 



-L — 2 

+ 2 



= - 5.04 x 10 -17 J -I- —m,v f 2 
2 * f 



v f = 



* (5.04 xl0“ 17 J- 2.88x1 0“ 17 J) 

9.11 x 10~ 31 kg 



= 6.89x10* m/s. 



kq kq £(2.50xl0 _n C) , 

23.19: a) V = ^-^>r = ^- = -± ^ = 2.5xl0‘ 3 m. 

' r V 90.0 V 

. . _ - kq kq £(2.50 x 10~ U C) ln _ 3 

b) V = — =>r = — = — 1 - = 7.5x10 m 

r V 30.0 V 



23.20: a) K = ^ ^ , = ^ = ^ 250 ^ = 1.33 x 10^ C. 

r k k 




fc(1.33 x 10~° C) _ 
' (0.750 m) 

23.21: a) AlA\V a = *| 



f ^ 

| 


— Jr 


f 2.40 x 10 -9 C - 6.50 x 10 -9 C^i 
| 


, 


— A- 


^ 0.05 m 0.05 m , 



b) AtB \V B = k 



9i_ 4. < h- 


II 


Si 


1 V 



2.40 x 10 -9 C -6.50x10^ C A 



0.08 m 



0.06 m 



= - 738 V. 



= - 705 V. 



c) W = qAV = (2.50 xlO -9 C)( - 33 V) = - 8.25 x 10” 3 J. 

The negative sign indicates that the work is done on the charge. So the work done by the 
field is 8.25 xlO“ 8 J. 






1 2 

e) When x » a, V = -,just like a point charge of charge 4- 2 q. 



4 7££ 0 JC 



23.23: a) 







r r 

c) The potential along the jc-axis is always zero, so a graph would be flat, 

d) If the two charges are interchanged, then the results of (b) and (c) still hold 
The potential is zero 

23.24: a) \y\<a-.V ^ ^ 

(a + y) (a- y ) y - a 




y > a : V = - 



kq kq — 2kqa 

{a + y) y-a y - a 



y< -a:V = kq_ = Mqa_ 

(a + y) (-y+a) y 2 -a 2 



Note: This can also be written as V = k\ 



c) y » a : V = - 



kq kq — 2 kqa 



(a + y) (y-a) y 

d) If the charges are interchanged, then the potential is of the opposite sign. 



. . Tr kq 2 kq — kq( x + a) 

b) x >a:V = — — = — — 

x x — a x(x — a) 

„ kq 2kq kq(3x — a) 

0 <x < a :V = — — = — — 

x a — x x(x — a) 

„ Tr — kq 2kq kq(x + a) 

x < 0 : V = — - ■+■ — — = — — 

x x — a x(x — a) 

Note: This can be also be written as V = k(j^ - ) 

c) The potential is zero at x = - a and a/3. 



d) 





e) For x » a : V 
-q. (Note: The two charges must be added with the correct sign.) 



23.26 :a) 

\y\ r 



1 


2 


p" ; 


yja 1 4 - y 1 . 



b) V = 0, when y 7 = 



3y 2 =a 7 ^>y=±-==. 

S 



c) 




d) 



y » a : V & kq 



r \_ 

\.y 




which is the potential of a point charge - q . 



23.27: W = -AU = -Vq = (295V) (1.60 x 10~ 19 C) = 4.72x 10~ 17 J.Butalso: 



W = AK=-mv i 

2 



2(4.72 x IQ' 17 J) 
I 9.11 xlO" 31 kg 



= 1.01 x 10 7 m/s. 



V V 4.98 V 

23.28: a) E = — =>d = — = = 0.415 m. 

d E 12.0 N/C 




b) F = ^^ g = ^ = (^V)(Q-^m) = 2 _ 30a<lff40c 

d k k 

c) The electric field is directed away from q since it is a positive charge. 



23,29: a) Point b has a higher potential since it is “upstream” from where the positive 
charge moves. 

V a -V b = E(b-a) = -\E\{b-a)^V b -V a = |£|(6-fl)>0 



b) E = — 
’ d 



240 V 
0.3 m 



= 800 N/C. 



c) W = -AU=-qAV = - (-0.20x10^ C)(- 240 V)= - 4.8 x 10“ 5 J. 



23,30:(a) V = V Q 4 - V 2Q > 0, so Kis zero nowhere except for infinitely far from the 
charges. 

q m 

^ — d — 



The fields can cancel only between the charges 
kQ_ KZQ)_^ {d _ x y = 2x 2 



Eq - E-l Q 2 

X 



(d — x) 



x = -^j=- The other root, x = -yy , does not lie between the charges. 



(b) 

-Q 2Q 

11 • A • 



y x v can be zero in 2 places, A and B. 



atA, k -^e± + k Jm= o^=d/3 

x d — x 

* B: *izm + *m =0 ^ y=d 

y d + y 

E q = E 2Q to the left of - Q. 

*Q_ *(26) w _ d 

X 1 (d+xf 1/2 - 1 

(c) 

Q -£? 

^ d V* 

x Note that E and V are not zero at the same places. 



23,31: a) + qV { = K 2 + qV 2 




q(V l -V 2 ) = K 7 -K l -, q = -1.602x1 O’ 19 C 

K i = l m . v i = 4099 x 1 0" 18 J; K 7 = = 2.915 x 1 O' 17 J 

V L -V 2 = K *~ K ' = - 156 V 

q 

The electron gains kinetic energy when it moves to higher potential, 
b) Now K, = 2.915 x 10“ 17 J, K 2 = 0 

V L -V 2 = K *~ K ' = + 182 V 

The electron loses kinetic energy when it moves to lower potential 



23.32: a) V = ^- = 



kq £(3.50x10^ C) 



0.48 m 



= 65.6 V. 



*(3.50*10-* C) = 13L3V 
7 0.240 m 

c) Since the sphere is metal, its interior is an equip otential, and so the potential 
inside is 131.3 V. 



23.33: a) The electron will exhibit simple harmonic motion for x « a , but will 
otherwise oscillate between ± 30.0 cm 
b) From Example 23.11, 



v = 



•Jx 



2 . 2 
-I - Q, 



f 


\ 


1 


1 


a 

\ 


/ ■ 2 . -2 
\jx 4- a J 



$AV = kQ 

AV = £(24.0 x 10 - * C) 

= 796 V 

1_ 

2 



0150m ^(0.3 00 m) 2 +(0.150 m) 2 



But W = — qAV = — mv 2 => v = J 2 ^ 

J ^ y 9.11x10 



C) ( 796 V) 



= 1.67x 10 7 m/s. 



23.34: Energy is conserved: 



|-mv = qAV - 



AV = 



(1.67 x 10~ 27 kg) (1500 n^s) 2 
2(1. 60 x 10” 19 C) 



= 0.01 17 V. 



But: 




AV = - ln(r 0 /r)=> r 0 = r exp 



2 ns, 



r = (0.1 SO m)exp - 



2jia 0 AV 



2^ 0 (0.0117 V) 
5.00 xlO -12 C/m 



r=r 0 exp - 



= 0.158 m. 



2jk 0 A V 



V 360 V 

23.35: a) E = — = = 8000N/C. 

' d 0.0450 m ' 

b) F =Eq = (8000 N/C)(2.40x 10" 9 C) = 1.92 xlO" 5 N. 

c) W = Fd = (1-92 x 10“ 5 N) (0.0450 m) = 8.64 x 10“ 7 J. 

d) AU = AVq = ( — 360 V) (2.40 x 1 Cf 9 C) = - 8.64 x 10" T J. 

23.36: a) V = Ed = (480 N/C) (3.8 x 10^ m) = 18.2 V. 

b) The higher potential is at the positive sheet 

c) E = — => a = £ 0 (480 N/C) = 4.25 xlO" 9 C/m 2 . 



23.37:a) E = — =>d = — = 4?5 ° fi V = 1.58xl0- 3 m. 

d E 3.00 x 10 6 V/m 

b) £ = — => <j = <s 0 (3.00 x 10 6 V/m) = 2.66 x 10 -5 C/m- . 
£ o 



23.38: a) E = — = c / m? = 53]1N/C. 



b) V=Ed = (5311 N/C) (0.0220 m) = 117 V. 

c) The electric field stays the same if the separation of the plates doubles, while the 
potential between the plates doubles. 



23.39: a) The electric field outside the shell is the same as for a point charge at the center 
of the shell, so the potential outside the shell is the same as for a point charge: 

V = —2— for r > R. 

4 7i£ 0 r 

The electric field is zero inside the shell, so no work is done on a test charge as 
it moves inside the shell and all points inside the shell are at the same potential as the 

surface of the shell: V = — - — for r < R. 

4 tisqR 




b) ^^so g ^^° 15m ^- 1200V ^-20nC 

R k k 

c) No, the amount of charge on the sphere is very small. 



23,40: For points outside this spherical charge distribution the field is the same as if all 
the charge were concentrated at the center. 

Therefore 



and 



E = - 



4 7E£ 0 r 



q = 4 Jis^Er 7 = 



(3800 N/C) (0.200 mf 
9 x 1 0 9 N.m^ / C 1 



= 1.69 x 10 _3 C 



Since the field is directed inward, the charge must be negative. The potential of a point 
charge, taking co as zero, is 

y_ q _ (9xl0 9 N.m 2 /C 2 )(-1.69x lp- 8 C) _ ?g()V 

4 7t£ 0 r 0.200 m 

at the surface of the sphere. Since the charge all resides on the surface of a conductor, the 
field inside the sphere due to this symmetrical distribution is zero. No work is therefore 
done in moving a test charge from just inside the surface to the center, and the potential at 
the center must also be - 760 V. 



23,41: 



a) E=-VV. 

-■-j T .r 

E y = — = — — (Axy — Ex 1 4 - Cy) = —Ay 4 - 2 Bx. 

dx dx 

E = — = — — (Axy — Bx 2 4 - Cy) = —Ax - C. 

By dy 

E 7 = - — = (Axy- Bx 2 + Cy) = 0. 
dz dz 



2 b 

b) - Ay -\- 2Bx = 0 => y = — jc, - Ax — C = 0 => x = - 

A 

2 BC f-C - 2 BC 

■^' £ - 0 at hr'— ' z 



C 2 B f-C 

— so y = . 

A A { A 



23.42: a) E = -VV 



E — 

1 & k ck 



kQ 



yfx 



1 . 2,2 

+ y + z 



kQx 



kQx 



/ 2 . -2 , 2 3/-2 

(jc + y + z y 




Similarly, E = 



kQy 



3 

r 



and E 7 



kQz 



3 ■ 

r 



b) So from (a), E = ^~ 
r 



ft * s\ 
xl yt zk 

— + — 4 - 

r r r 




which agrees with Equation (21.7). 



23.43: a) There is no dependence of the potential on x or y, and so it has no 
components in those directions. However, there is z dependence: 

E = -VV=>E =- — =-C=> E = -Ck, for 0<z<d. 

2 8z 

and E = 0, for z > d , since the potential is constant there. 

(b) Infinite parallel plates of opposite charge could create this electric field, where the 
surface charge is a = ± C2 0 . 



23.44: a) 



'■'i f' 



(i) r<r a :V = ^-^ = kq 

r c r b 

(ii) r a <r <r b : V = ^--^- = kq 






(iii) r > r h : V = 0, since outside a sphere the potential is the same as for point 
charge. Therefore we have the identical potential to two oppositely charged point charges 
at the same location. These potentials cancel. 



b) K = 



1 



4jT£ r , 



andV h =0^V ai = 



1 



*1 l' 



4jT£ n 



c) r a <r<r b \E=- 



8V 

dr 



4tls 0 dr 



1 1 



= + - 



4jee 0 r 2 



1 1 



V 2 ' 



d) From Equation (24.23): E = 0, since V is zero outside the spheres. 

e) If the outer charge is different, then outside the outer sphere the potential is no 



longer zero but is V = 



1 



i Q_ 1 



4ks 0 r 4 7is$ r 4 ?i£ 0 



. All potentials inside the outer 



shell are just shifted by an amount V = - 



l Q 

4xs 0 r b 



Therefore relative potentials within the 




shells are not affected Thus (b) and (c) do not change. However, now that the potential 
does vary outside the spheres, there is an electric field there: 



E = - 



dV 

dr 



d_ 

dr 






kg 

~Y 



i-fi 




c) The equipotentials are closest when the electric field is largest. 



23.46: a) E y = ■ 



=>£ =■ 



dV 

9k 

kQ 

2 a 



d_ 

dx 



kQ 
2 a 



In 



V 



7 7 

d 4 - X 4 - d 



w 






7 7 

^ -yj d “I - X d j j 



— 111 {^d 1 4 - x 1 4 - d) — — 111 {4a 2 4 - x 1 — d) 
dx dx 



= _kQ 

2d 

=> E = 



/ 7 . 7-,-l/7 f 7 . 2v- 

x(d 4- jc ) ' 4-JC ) 

7 7 

d ~\~ X 4- d 



yjd 2 -\-x 2 



kQ 



X V 



2 : 2 
^ -l-JC 



(2dX) 



4jre 0 jca^l 4 - x 1 jd 1 2na 0 jc^/l -h jc 2 j d 2 



b) The potential was evaluated at y and z equal to zero, and thus shows no 
dependence on them. However, the electric field depends upon the derivative of the 




potential and the potential could still have a functional dependence on the variables y and 
Zj and hence E y and E s may be non-zero. 



23 . 47 : 



V' = 120 V V=m V 















































E 













v={)\ V = 240 V V=4B0V 

a) Equip o ten tials and electric field lines of two large parallel plates are shown above. 

b) The electric field lines and the equipotential lines are mutually perpendicular. 



23 . 48 : 



* 






K.O <h K.l) 
cm cm 






(a) S F = m { a = F n -\- F V1 



12 



43 



“ $2 ~ ?3 “ <7 

2 



f l P 



\ r n 'b / 



ma =kq 

(0.02 kg)a = (9 x 10 9 Nm 2 /C 2 ) (2.0 x 10" S C) 2 
a = 352 o^/s 2 



1 



1 



(0.08 m) 2 (0.16 m) 2 



(b) Maximum speed occurs at “infinity”. The center charge does not move since the 
forces on it balance. Energy conservation gives L'\ = K r 

Kr, K, Kr, n 2 2 




v i = v 3 , m L = m 3 , and q { = q 2 = q^ = q 



■i 


fkq 1 

m L 


fiin 

_1_ _|_ 

V. r 12 r 23 J 






xlO 9 Nm I /C I ) (2 x lO^C) 2 | 


f 1 1 1 ) 

| | 


\j 0.020 kg 1 


^0.08 m 0.16m 0.08 m ; 



7.5 m/s 



23.49: a) W E = AK-W F = 4.35 x 10“ 5 J - 6.50* 10“ 5 J = - 2.15 x 10“ 5 J. 

-W 2 1 5 x 1 O -5 T 

b) W E =-qAV=>AV = ^ = — — = + 2S29V. So the initial point is 

q 7.60x10 C 

-2829 V with respect to the final point. 



c) E = — = 
d 



2829V 
0.08 m 



= 3.54 x 10 4 



V 

m 



23.50: a) 



mv 2 _ ke 2 _ Ike 2 
r r 2 \ mr 



b )K = -mv 1 =- — =--U. 
2 2 r 2 

1 -j 7 2 

c) E = K 4- U = -U = - - — 

2 2 r 



iMi. 60 xio-c)- =217xlo - 18j = _ 136eV 
2 5.29 x 10 -11 m 



23.51: a) V = Cx 4li ^>C= (240 V) (0.0130 m)^ 3 = 7.85 x 10 4 V/m 4 ' 3 

dV 



b) E = 
toward cathode. 



— = — — Cjc 1 ' 3 =-- (7.85x 1 0 4 V/m 4/3 )jc 1/3 = ^ 
cbc 3 3 1 



1.05 x 10 5 V 1/3 



m 



■ 4^3 ' 



V/m, 



c) F = —eE = ((1.05 x 10 5 ) (0.00650) 1 ' 3 V/m) (1.60 x 10 -19 C) = 3.14 x 10" 15 N, 
toward anode. 



23.52: From Problem 22.51, the electric field of a sphere with radius R and q distributed 

uniformly over its volume is E = — ^ r . for r < R and E = — r- for r > R 

4 x£ 0 R 4 ?z£ 0 r 




V a - V h = Edr. Take b at infinity and = 0. Let point a be a distance r < R from 
the center of the sphere. 

4 k£ 0 E} J r 



4 7££ 0 r 



-dr = - 



8 tlEqR 



f M 

3 - — 



Set q = 4- 2e to get for the sphere. The work done by the attractive force of the sphere 
when one electron is removed from r = d to co is 



W^ = -eV y = - 



2e 



8 jes 0 R 



3 - — 

R 7 



1 \ 



The total work done by the attractive force of the sphere when both electrons are 
removed is twice this, 2 The work done by the repulsive force of the two electrons 

2 



is W„ = 



4ji£ 0 (2d) 



The total work done by the electrical forces is 2W s ^^ 4- W^. The 



energy required to remove the two electrons is the negative of this, 



2ji£ 0 R 



R 






4 d R\ 

We can check this result in the special case of d = R, when the electrons initially sit on 
the surface of the sphere. The potential due to the sphere is the same as for a point charge 
4- 2e at the center of the sphere. 



W q ^=U-U b 



U.=0 .U = 2 

P 



v 4 kSqRj 



+ ■ 



4 7i£ 0 (2 R) 



- 2 +- = 



- le 2 
8 7l£ 0 R 



The work done by the electric forces when the electrons are removed is - le^j^jz^R and 
the energy required to remove them is le 1 j%7i£ 0 R . Setting d =R in our general expression 
yields this same result. 



23.53: a) 



3 3 1 

U = kq 1 I - — 4- — - -f=- 

1 d 42d Sd 



4 kq 2 



2 3 1 

d fid fid 



; ,i 2 2 1 

+ q 1 d jid Sd 



f 



4 - kq 1 



1 2 1 

d fid fid 



, i | 2 1 

4- kq —+ f= 

d fid 



, ,, 1 1 
4 - kq - — 

d fid 



4 - kq 7 I — — 
1 d 



j j , ,, 12 12 4 

^>U = kq — — 4- —j=— — —j=— 

d fid fid 



\lkq 



if 



1 



1 - , - 



1 



fififi. 



= — 1.4 6q 2 jiz^d 




b) The fact that the electric potential energy is less than zero means that it is 
energetically favourable for the crystal ions to be together. 



23.54: a) U = 2kq l 



d + 2d 



3d 



■ + ■■■ = 



2V 2 <m ir 



/-I 



b) U = - 



2kq 



¥2) 



c) The potential energy is the same for the negative ions — the equations are identical 
if we examine (a). 

d) If d = 2.82 x 1CT 10 m, tfaen^ = - 2 ^ 1 ' 60xl ° f) = -1.13 x 10" 18 J. 

2.82 xlO -10 m 



e) The real energy (-0.80 x 10 18 J) is about 70% of that calculated above. 



23.55: a) U e = 



— 2ke 1 



- 2&(1.60x 10“ 19 C) 2 
0.535 xlO _10 m 



= -8.61 x 10 -18 



J. 



b) If all the kinetic energy goes into potential energy: 



U,=U, + K = -8.61 x 10“ 18 J 4 - 1.02x 10“ 18 



Ike 1 

■JeP + jc 1 



= -7.59x 10“ 18 J 



=> x 2 = - d 2 = 8.24 x 10 _22 m 2 (d = 5.35 x 10“ u m) 

u; 

(Note that we must be careful to keep all digits along the way.) =>x=2.87xl 0” u m 
23.56: F £ = mg tan# = (1.50 x 10“ 3 kg) (9.80 n^s 1 ) tan (30°) = 0.0085 N. (Balance 
forces in x and y directions. ) But also : 

P - v - F A _ (°- 0085 N ) (°- 0500 m > _ 17 .g y. 



23.57: a) (i) V = -^-(ln(6/a) - ln(6/6)) = -^-ln(6/a). 

2jEEq 2 KSq 

(ii) V = -±- (In (b/r) - ln(6/&)) = ^Hb/r) . 

ZtESq 

(iii) V=0. 

b) V ab =V(a)-V{b)=-^]n(b/a). 

c) Between the cylinders: 




E - - - - 1 ^-r|: W/r)) - -j-—--. 

Sr In (S/ a) Sr ln(£?/a) r 

d) The potential difference between the two cylinders is identical to that in part 
(b) even if the outer cylinder has no charge. 

23 . 58 : Using the results of Problem 23.57, we can calculate the potential difference: 

E = T ^--^V ab = E]n(b/a)r 
In (bja) r 

=> V ab = (2.00 x 10 4 N/C) (In (0.018 m/145 x 10 -6 m)) 0.012 m = 1 157 V. 



23.99: a) F = Eg = (1.10 x 10 3 V/m) (1.60 x 10 -19 C) = 1.76x 10 -16 N, downward 

b) « = F(m e = (1.76 x 10‘ 16 N)/(9.1 1 x 10~ 31 kg) = 1.93 x 10 14 m/s 2 , downward. 

c) t = — ° 060 6 m , = 9.23 x 10 -9 s, y - = - at 2 = —(1.93 x 1 0 14 m/s 2 ) (9.23 x 1 0" 9 s) 2 

6.50x10 m/s 2 2 

= 8.22 x 10“ 3 m. 

d) Angle 9 = arctan (v^/vj = arctan(^/v r ) = arctan(1.78/6.50) = 15.3°. 

e) The distance below center of the screen is: 

D = d +v t = 8.22 x 10~ 3 m + (1.78 x 10 s m/s) — °' 12 °f 1 — = 0.0411m. 
y •' 6.50 xlO 6 m/s 




23 . 60 : 




(a) Use AV^ to get X : AV = f E dI = f dr = 

2jrc 0 

2jk- 0 AK 



2jK n 



-In 



X = - 
E = - 



In bja 

X 2ji£ 0 AK/ln bja A V 



7jis 0 r 



2 iis 0 r 



In bjc 



at outer surface of the wire, r = a = 



E = - 



0.127 mu 
2 

850 V 



( ™f B )la 



= 2.65 xlO 6 V/m 



(b) at the inner surface of the cylinder, r = 1 .00 cm , which gives 

E = 1.68 x 10 4 V/m 



23.61: 



a) From Problem 23.57, 

V A 1_ 50,000 V 1 

In {bja) r In (0. 140/9.00 x 10“ 5 ) 0.070 m 



=> £ = 9.72 x 10 4 V/m. 



b) 



F = Eq = 10 mg => ? = 



10 (3.00 xlO" 8 kg) (9. 80 m/s 2 ) 
9.72 xlO 4 V/m 



3.02x1 0’ 11 C. 



23.62: Recall from Example 23.12 for a line of charge of length a : 



£ = ^ln 



yj a l jA I x 7 4- a(2 



ij a 1 j 4 4- x 2 - aj2 

a) For a square with two sets of oppositely charged sides, the potentials cancel and 
V = 0. 

b) If all sides have the same charge we have: 

■^a'j 4-1- x 2 -I- fl/2 



V = — —In 



yja 2 /4-\-x 2 — a j 2 



F = i^ln 



+ 4.x 2 + < 
Vo^-f^lx 2 " — i 



, but here jc = a/2, so: 

(V2 + 1) 



4kQ 



In 



(V2-1) 



23.63: a) 




dV = 



kQ 


2 jrr dr 


_2 kQ 


Jx 2 4- r 2 


K R 2 


" R 7 



4 



2 . 2 

x -\ - r 









x 2 + r 2 



S' 



z=x'+ii' 

*=*’ 



2*0 



S' 






— l/x 2 + S 2 -x 

2f„ w J 



b) 



£ =■ 



SK 2£0 



Ok S' 



^/jc 2 4- S 2 

23.64: a) From Example 23. 1 2: 



£7 

2s n 



^1 4- S 2 /jc 2 



F(x) = ^la 
2a 



! 2 , 2 




y a 4- x 


-1- a 


( 2 , 2 




^ ja 4- x 


— a 



*0 

2a 



In 



yjl 4- a 2 jx 2 4- ajx 



yjl 4- a 2 j x 2 — ajx 



If a « X, & ajx 1 ±afx** 1 + 



1 f a 



2 [ x 



■ a a , , . , 1 2 

± — » 1 -l- — , and ln(l 4- a) « a 4- — a 4 ■ 

xx 2 



VixyM 

la 



f i f \? \ f i 

alia) a 1 

— + — - +■" + - 

^x 2 ^_x^ J ^ x 2 



(-T +■ 






kQ 
2 a 



2a 

x 



kQ 

X 



That is, the finite rod acts like a point charge when you are a long way from it. 
b) From Example 23.12: 

F(*) = ^ln 

la 

j s v£. I 

If x « a, njl 4- x 2 j a 2 d=l«l±l-h — — 1 , andln(l 4- a ) « a 4- — a 2 4- ■ ■ ■ 

2 \ a J 2 



f 2 2 

ija 4- x -f a 


= *Gla 


^1 -1- X 2 /fl 2 -1- 1 


i 2 2 

yj a 4- x — a 


2a 


yjl + X 2 /fl 2 - 1 



In 


^ (2 4- x 2 j2a 2 )^ 


' = kQ 


In 


f 4 a 7 J 

— 5- + 1 




V {X 7 lla) 


2 a 




2 

l x )\ 



V(x)^ 

la 



Q ln(2a/x) = -^-ln {2a! x). 

2jT£q 



«^In(2 ajx) = 
a 



4n£ 0 a 



0 



Thus X = — , and R = 2a , which is the only natural length in the problem. 

2 a 



23.65: a) Recall: r <R\E = =>V = - \E-dr=--?~ f r dr = - — (r 2 - S 2 ) 

2s o i 2s 0 £ 4£ 0 

So with X = kR 7 p, V = - kk(r 7 i R 7 - 1). 




X 



For r>R.E = 



pR 



2 £ 0 r 



r--ji 



d? = 



P R 



2a, 



7 dr 

J w 



0 R 



2ji.a r 



ln[i]=-2^1n[i] 



b) 





23.66: a) F(0.03, 0)=*L 5M * 10 ~ - C > + U - 2 -°° * 10 ^ C 2 = _ 300 V. 

0.0300 m 0.01m 

K(0.03, 0.05)= , M5.00X10-C) + *<- 2.00x10* C) = 41 9 v . 

7(0.0300 2 + 0.0500 2 )m ^O.OIOO 2 + 0.0500 2 
b) W= - q&V = -( + 6.00x10^ C)(718V) = -4.31x 10* J. 

Note that the work done by the field is negative, since the charge is moved AGAINST the 
electric field. 



23.67: From Example 21.10, we have: E y = 



l & 

Ajl £ 0 (x 2 +fl 2 ) 3/2 



=>V = - 



4 71 6 



X t 

r x 

j fV 2 -L n 



{ ti . 2 -, 3/2 

(jc 4- a ) 



j r Q -1/2 
ax = u 

4x£ n 



»=y + a 

M=oo 



4-J 



o y 1 '^ 



2 . 2 

-I" 



= Equation 



(23.16). 



23.68: 

dV i dg \ xdi i i g 

4jt£ 0 r 4^£ 0 a 4;t£ 0 7ia a 4 jz£ 0 iza 4jra 0 j kcl 4 tz£ q a 




0.3 

23.69: a) S { and S i : = - j( - 5xi + 3 zk) ■ jdy = 0; S and S i are at equal potentials. 

o 

0.3 03 T sy 

b) and S 4 : V u = - f ( - 5 jJ + 3z k) -kdz = -3 fzdz = — z 2 |“= — ( 0.3 f = 

0 0 2 2 

-0.135 V.S 4 is higher. 

0.3 0.3 - ~ 

c) S 5 and S 6 : V 5i = - j (-5.x/ 4 - 3zk ) ■ idx = 5 j xdx = -x 2 |"= - (0.3) a = 0.225 V. 

o o ^ 2 

S 5 is higher. 

23 . 70 : From Example 22.9, we have: 

dr^ kQ 

n ~ 

r r 




a M r a _\a ?■ 



r >R:E = ^=>V = -kO 



23 . 71 : a) Problem 23.70 shows that 

V r = -Q— (3 - r 2 /R 2 ) for r<R and V r 

8 JISqR 



for r > R 

4 ?E 0 r 






jg_ 

8 7€£qR 



Q 

4 7l£ 0 R 



»ndV 0 -V R 



Q 

8 jis^R 



b) If Q > 0, V is higher at the center. If Q < 0, V is higher at the surface. 




23.72: (a) Points a , &, andc are all at the same potential because E = 0 inside the 
spherical shell of charge on the outer surface. So AV ah = AV hc = AV^ = 0. 

y _kg _ (9x 10 9 Nm i /c‘) (150 x 10~ 6 C) 

R~ 0.60m 

= 2.25 x 10 6 V. 

(b) They are all a t the same potential 

(c) Only AV ^ would change; it would be -2.25 x 10 6 V. 



23.73: a) The electrical potential energy for a spherical shell with uniform surface 
charge density and a point charge q outside the shell is the same as if the shell is 

replacedby a point charge at its center. Since F r =-dUjdr , this means the force the 
shell exerts on the point charge is the same as if the shell were replaced by a point charge 
at its center. But by Newton's 3 rd law, the force q exerts on the shell is the same as if the 
shell were a point charge. But q can be replaced by a spherical shell with uniform 
surface charge and the force is the same, so the force between the shells is the same as if 
they were both replaced by point charges at their centers. And since the force is the same 
as for point charges, the electrical potential energy for the pair of spheres is the same as 
for a pair of point charges. 

b) The potential for solid insulating spheres with uniform charge density is the same 
outside of the sphere as for a spherical shell, so the same result holds. 

c) The result doesn't hold for conducting spheres or shells because when two charged 
conductors are brought close together, the forces between them causes the charges to 
redistribute and the charges are no longer distributed uniformly over the surfaces. 



23.74: Maximum speed occurs at “infinity” Energy conservation gives 

kq [ q 2 1 2,1 2 

= +--mi 50 v ls0 

r 2 2 

Momentum conservation: m 50 v 50 = m i50 v i50 andv 50 = 3v ig0 
Solve for v 50 andv i30 , where r = 0.50 m 



^50 



= 12.7 m/s, v i50 = 4.24 m/s 



Maximum acceleration occurs just after spheres are released. T-F = ma gives 



2 _m i3O fl l90 



(9 x 10 9 NmVC 2 ) (10~ 5 C) (3 x 1(T 5 C) 



(0.50 m) 2 



= (0.15 kg )a 1M 



a i 30 = 72.0 m/s 2 
a 50 = 3 a [50 =216 m/s 2 




23,75: Using the electric field from Problem 22.37, the potential difference between the 
conducting sphere and insulating shell is: 



V = - 






2S 




1 T T kQ 

— => V = — . 
2R ] 2 R 



23.76: a) 



At r = c :V = — 




kq 

c 



b) At r = b:V = - \E-dr- \E-d? = ^-~ 0 = ^, 

J J c c 

CO C 

c b a j 

c) At r = a:V = -jE-dr-jE-dr-jE-dr = ^-kq \^ = kq 

b C b r 

since it is inside a metal sphere, and thus at the 



}dr , 


'1 1 r 


J — = kq 
* r 


c b a 



d) At r = 0 : V = kq 
same potential as its surface. 



c b a 



23,77: Using the electric field from Problem 22.54, the potential difference between the 
two faces of the uniformly charged slab is: 



V = - \E dr = - dx = 
J J 2 



2f„ 



f: 2\ 

X 

~2 



• V = 0. 



kO k( — 1.20 x 10” 12 C) 

23.78: a) K = -^ = — >- = -16.6V. 

r 6.50x10^ m 

b) The volume doubles, so the radius increases by the cube root of two: 
R^=M2R = 8 . 19 x 10 ^ m and the new charge is = 2 Q = - 2.40 x 10 12 C. 

new potential is: 



V 



_ ^ _ M-2-40xlO- 12 C) _ 
R^ 8.19 x 10 -4 m 



So the 



23,79: a) 



dV„ = 



kdq kQ dz 



kQ % dz kQ j f x 4- a ^ 



z - h x a z 4- x 



/j J 7 4- r rs 



a ;z4- x a \ x J 



kO f a 

= — 111 1 + - 

a ^ jc 



b) 



dV R = 



kQ dz kO dz 



a J 



z 7 4- y 7 



n d 



kQ% dz _ kQ 



u 



z 7 4- y 7 



In 






2 2 
a 4- y -ha 



c) 




